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Las especies de hongos del género Fusarium sintetizan una amplia gama de 
micotoxinas muy variada química y estructuralmente. La zearalenona (ZEA) 
constituye uno de los grupos más grandes de micotoxinas producidas por 
Fusarium, que son los principales patógenos de los cereales. En esta Tesis 
Doctoral se ha realizado, en primer lugar, un estudio in silico del perfil 
metabolómico de la ZEA y sus derivados, α-zearalenol (α-ZEL) y β-zeralenol (β-
ZEL), y de la predicción de sus efectos tóxicos. También se ha realizado un 
estudio de todos los productos de metabolización de las reacciones de fase I y 
II. En segundo lugar, debido a una característica común de las especies de 
Fusarium asociada a sintetizar ZEA, a la vez que ciertas micotoxinas emergentes 
como beauvericina (BEA), se ha realizado un estudio citotóxico in vitro de α-
ZEL, β-ZEL y BEA en células SH-SY5Y sin diferenciar de neuroblastoma 
humano, se ha determinado el tipo de interacción (sinergismo, adición o 
antagonismo) de las combinaciones binarias y terciarias de estas micotoxinas y 
la recuperación de las micotoxina en el medio de cultivo celular con LC-qTOF-
MS. En tercer lugar, y con el fin de evaluar cómo pueden actuar estas 
micotoxinas a nivel celular, se ha estudiado el estrés oxidativo mediante la 
evaluación de la generación de las especies reactivas de oxígeno y los sistemas de 
defensa intracelular de actividad antioxidante enzimática y no enzimática. Por 
último, se ha examinado la expresión de genes implicados en muerte celular por 
apoptosis (CASP3, BAX y BCL2) y receptores de estrógenos (ERβ and GPER1) 
por RT-PCR; y la progresión del ciclo celular y la vía de la muerte celular por 




neuronales indiferenciadas de SH-SY5Y, un modelo biológico ampliamente 
utilizado para el estudio de la función neuronal.  
Los resultados del estudio in silico demostraron que los productos del perfil 
metabolómico correspondían a O-glucuronidación, S-sulfatación e hidrólisis; 
además, los productos metabolitos tenían mejores propiedades para alcanzar la 
barrera hematoencefálica que las micotoxinas iniciales y el efecto de 
carcinogenecidad reveló ser el de mayor probabilidad.  
Los resultados obtenidos in vitro demostraron que β-ZEL individualmente 
presentaba la mayor potencialidad citotóxica; mientras que el principal tipo de 
interacción detectado para todas las combinaciones de micotoxinas ensayadas 
fue sinergismo. La generación de especies reactivas de oxígeno se vio 
incrementada en combinaciones en las que participó α-ZEL. Además, el sistema 
de defensa enzimático y no enzimático se vio alterado para las dosis ensayadas, 
así como para diversas combinaciones. Los resultados obtenidos mediante la 
actividad de expresión génica revelaron que α-ZEL, β-ZEL y BEA pueden 
inducir la expresión de genes de apoptosis celular. Por último, en cuanto a la 
progresión del ciclo celular y la vía de la muerte celular se vio alterado en las 
células indiferenciadas SH-SY5Y como consecuencia de la exposición a las tres 










Fusarium species synthesise a wide range of mycotoxins of diverse 
structure and chemistry. Zearalenone (ZEA) constitute one of the largest groups 
of mycotoxins produced by Fusarium, which are major pathogens of cereal 
plants. In this Doctoral Thesis, first it has been carried out an in silico study of 
the metabolomics profile of ZEA and its derivates, α-zearalenol (α-ZEL) and β-
zeralenol (β-ZEL), and the prediction of their toxic effects. Metabolomic profile 
has been also defined and toxic effect evaluated for all metabolite products from 
Phase I and II reaction. Afterward, due to a common feature of Fusarium species 
as synthesising ZEA and   its   co-occurrence   with   certain   emerging 
mycotoxins such as BEA, it has been performed an in vitro cytotoxic study of α-
ZEL, β-ZEL and BEA to determine cell viability in human neuroblastoma SH-
SY5Y cells, and additionally determined whether the interaction of binary and 
tertiary combinations of these mycotoxins is synergistic, additive, or 
antagonistic. Also, it has been investigated how these mycotoxins can act at the 
cellular level. Furthermore, it has been analysed the role of oxidative stress by 
evaluating reactive oxygen species generation and intracellular defence systems 
of enzymatic and non-enzymatic antioxidant activity. Also, it has been examined 
the expression of genes involved in cell apoptosis (CASP3, BAX y BCL2) and 
receptors of estrogens (ERβ and GPER1); and ultimately, cell cycle progression 
and cell death pathway all on an undifferentiated SH-SY5Y neuronal cell line, 
which is widely used as a model of neuronal function. 
Results of in silico study has been demonstrated that the metabolomics 
profile products were from O-glucuronidation, S-sulfation and hydrolysis, also 




mycotoxins. Also, carcinogenicity reported the highest probability for 
zearalenone and its derivates to reach blood brain barrier.  
Results obtained from in vitro study has been demonstrated that β-
zearalenol alone presented the highest cytotoxicological potency; also, the main 
type of interaction detected between mycotoxins for all combinations assayed 
was synergism. The generation of reactive oxygen species has been increased in 
combinations where α-ZEL was involved. In addition, enzymatic and non-
enzymatic defense system has been altered. Results obtained by gene expression 
activity has been revealed that α-ZEL, β-ZEL and BEA can induce the 
expression of cell apoptosis genes. Moreover, cell cycle progression and cell 
death pathway have been altered in SH-SY5Y cells as a consequence of being 


























Las micotoxinas son un grupo estructuralmente diverso de compuestos en 
su mayoría de bajo peso molecular, producidos por el metabolismo secundario 
de hongos y que pueden ser perjudiciales tras la ingesta, inhalación o contacto 
con la piel. Las enfermedades que causan, conocidas como micotoxicosis, no 
necesitan involucrar al hongo productor de toxinas. Por tanto, son peligros 
abióticos, pero de origen biótico. Debido a su complejidad estructural, las 
micotoxinas varían desde compuestos simples de cuatro carbonos, como la 
moniliformina, hasta sustancias complejas como Phomopsis y las micotoxinas 
tremorgénicas, que pueden provocar efectos adversos (carcinógenos, 
genotóxicos, hepatotóxicos, teratogénicos, estrogénicos, inmunosupresores, 
nefrotóxicos o neurotóxicos) en otros organismos, principalmente en seres 
humanos y/o animales, tras el consumo de alimentos/piensos contaminados. 
Las micotoxinas pueden aparecer en la cadena alimentaria debido a la infección 
fúngica de los cultivos, ya sea por ser consumidos directamente por el ser 
humano o utilizados como alimento para el ganado. Por la diversidad de su 
origen, difieren en su estructura, lo que lleva a marcadas diferencias en sus 
propiedades físico-químicas y biológicas. En consecuencia, sus efectos tóxicos 
varían mucho con el compuesto, pero también con la especie animal (Pieter y 
col., 1995). 
El metabolismo de las micotoxinas ingeridas puede producir la 
acumulación de micotoxinas en diferentes órganos o tejidos y crear algunos 
efectos tóxicos con síntomas característicos observados en humanos y animales. 
El impacto de las micotoxinas en la salud depende de la cantidad de micotoxina 
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consumida, la toxicidad del compuesto, el peso corporal del individuo, la 
presencia de otras micotoxinas (efectos sinérgicos) y otros efectos dietéticos.  
La Organización de las Naciones Unidas para la Agricultura y la 
Alimentación (FAO) estimó que aproximadamente el 25% de los cereales 
producidos en el mundo están contaminados por micotoxinas (JECFA, 2001). 
Si bien, se estima que este porcentaje ha aumentado. El trigo, el arroz y el maíz 
son los cereales más consumidos en todo el mundo; los últimos datos notificados 
por la FAO estimaron un consumo medio mundial anual de 66, 53.3 y 17.1 
kg/per cápita de trigo, arroz y maíz, respectivamente. Además, la población 
española es uno de los mayores consumidores de trigo del mundo, con un 
consumo medio de 86.10 kg/per cápita (FAO, 2009). Otros alimentos, como 
nueces, especias, frutas y sus subproductos también pueden estar contaminados 
por estos metabolitos fúngicos. La producción de micotoxinas en cultivos 
agrícolas puede ocurrir en varios puntos de la cadena alimentaria: antes de la 
cosecha y durante la cosecha como en el proceso de secado y almacenamiento. 
Las malas prácticas agrícolas y de cosecha, el secado, la manipulación, el 
envasado, el almacenamiento y las condiciones de transporte inadecuados 
promueven el crecimiento de hongos, lo que aumenta el riesgo de producción 
de micotoxinas. 
Los niveles de micotoxinas en los alimentos generalmente no producen 
un efecto adverso agudo en los consumidores, pero la exposición crónica puede 
representar un riesgo significativo para los consumidores que consumen estos 
productos con frecuencia; por ello, algunos países han adoptado regulaciones 
para limitar la exposición a micotoxinas. Su presencia no solo está relacionada 
con el efecto que puedan tener en la salud del consumidor, sino que también 
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puede tener un impacto en el comercio mundial. Según el informe anual 
Europeo del Sistema de Alerta Rápida para Alimentos y Piensos (RASFF) de 
2019, las micotoxinas son el tipo de peligro y categoría de producto más 
registrados en productos alimenticios originarios de países no miembros. 
Además, se encuentran entre los principales peligros en las notificaciones de 
rechazo fronterizo en la Unión Europea (UE). En España, las micotoxinas son 
el segundo mayor peligro en alimentos, con 47 notificaciones anuales, y se 
encuentra entre los países con mayor número de notificaciones de la categoría 
de peligro de micotoxinas. 
Los géneros fúngicos que principalmente producen micotoxinas son 
Aspergillus, Penicillium, Alternaria, Fusarium y Claviceps; mientras que los grupos de 
micotoxinas más relevantes que se encuentran en los alimentos son: las 
aflatoxinas, producidas por especies de Aspergillus; la ocratoxina A producida 
tanto por Aspergillus como por Penicillium; los tricotecenos (tipo A: toxina HT-2 
y T-2, y tipo B: desoxinivalenol), zearalenona, fumonisinas B1 y B2, y las 
micotoxinas emergentes (fusaproliferina, moniliformina, beauvericina y 
enniatinas) producidas principalmente por especies de Fusarium; alcaloides del 
cornezuelo de centeno producidos por Claviceps; y altenuene, alternariol, 
alternariol metil éter, altertoxina y ácido tenuazónico producidos por especies de 
Alternaria. 
1.2. Micotoxinas de Fusarium  
Las micotoxinas de las especies de Fusarium se han asociado 
tradicionalmente con los cereales de zonas templadas, ya que estos hongos 
requieren temperaturas algo más bajas para el crecimiento y la producción de 
micotoxinas que las especies aflatoxigénicas de Aspergillus. Sin embargo, existen 
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numerosos estudios a escala mundial que indican la contaminación de los granos 
de cereales con varias micotoxinas de Fusarium. Las toxinas de Fusarium, como 
los tricotecenos y la zearalenona (ZEA), constituyen uno de los grupos más 
grandes, siendo los principales patógenos de las plantas de cereales en climas 
más moderados, causando tizón de la cabeza en el trigo y la cebada y pudrimiento 
de la mazorca en el maíz. Si bien estos contaminantes pueden ser de menor 
toxicidad que otras micotoxinas como las aflatoxinas, la ocratoxina A, etc., su 
presencia en productos alimenticios, consumidos muy ampliamente, implica que 
deben controlarse sus niveles de forma estricta tanto en alimentos como en 
piensos.  
Las micotoxinas de Fusarium son de una diversidad estructural y química, 
y las más detectadas en los alimentos son las fumonisinas, tricotecenos, ZEA y 
entre las emergentes está la beauvericina (BEA), las enniatinas, la fusaproliferina 
y la moniliformin. Estas micotoxinas pueden encontrarse solas o 
simultáneamente con otras micotoxinas, una coexistencia habitual en los 
cereales, en particular las micotoxinas producidas por el mismo hongo. Hay que 
señalar que varias especies de Fusarium tienen la capacidad para sintetizar ZEA, 
por lo que puede detectarse junto a otras micotoxinas en un mismo alimento. 
1.3. Zearalenona y sus metabolitos 
ZEA (anteriormente conocida como toxina F-2) es una micotoxina 
estrogénica no esteroidal biosintetizada a través de la vía de los policétidos por 
una variedad de hongos Fusarium, incluyendo F. Graminearum (Gibberella zeae), F. 
culmorum, F. cere-alis, F. equiseti, F. crookwellense y F. semitectum, que son hongos 
comunes del suelo, en países templados y cálidos, y son contaminantes regulares 





Figura 1. Estructura química de la zearalenona (ZEA) 
ZEA es una micotoxina termoestable hasta 150°C y la degradación se ha 
observado solo a temperaturas más altas o en condiciones alcalinas. Es una 
lactona de ácido resorcíclico, químicamente descrita como lactona de ácido 6- 
[10-hidroxi-6-oxo-trans-1-undecenil] -B-resorcíclico. En los mamíferos, el grupo 
ceto en el carbono 8 se reduce a dos metabolitos esterioisoméricos de ZEA 
(isómeros α y β). Estos metabolitos de hongos productores de ZEA contaminan 
el maíz y también colonizan, en menor medida, cebada, avena, trigo, sorgo, mijo 
y arroz. Además, se ha detectado en productos de cereales como harina, malta, 
soja y cerveza. Los géneros de Fusarium infectan los cereales en el campo y la 
producción de toxinas tiene lugar principalmente antes de la cosecha, pero 
también puede ocurrir que se produzca después de la cosecha, si el cultivo no se 
manipula y seca adecuadamente (CCFAC, 2000). Aunque los cereales infectados 
con Fusarium que se encuentran en el campo pueden acumular ZEA antes de la 
cosecha, numerosos experimentos tienden a indicar que los altos niveles de ZEA 
que se registran, ocurren naturalmente en algunas muestras de alimentos para 
animales a base de maíz como resultado de un almacenamiento inadecuado en 
lugar de desarrollarse en el campo (Zinedine et al, 2007).  
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Por otro lado, la contaminación mundial de cereales y animales con 
micotoxinas de Fusarium, en particular ZEA, es muy elevada y la 
comercialización de estos productos puede contribuir a la dispersión mundial de 
esta micotoxina. Las concentraciones en alimentos y piensos varían en un amplio 
rango, dependiendo de las condiciones climáticas. Se ha detectado ZEA entre el 
11-80% de las muestras de trigo y entre 7-68% de muestras de cebada para uso 
alimentario en el suroeste de Alemania en 1987 y 1989-93; con un contenido 
medio anual de 3-180 µg / kg en trigo (valor más alto, 8000 µg/kg) y 3-36 µg/kg 
en cebada (valor más alto, 310 µg/kg) (Müller et al., 1997a, b). En otro estudio, 
se analizó trigo para consumo humano de todas las regiones de Bulgaria (140 
muestras) después de la cosecha de 1995, un año caracterizado por fuertes lluvias 
en primavera y verano y que influye en la presencia de hongos y producción de 
micotoxinas. La frecuencia de contaminación con ZEA en esas muestras fue del 
69%, con una concentración promedio en muestras positivas de 17 µg/kg y un 
máximo de 120 µg/kg (Vrabcheva et al., 1996). También se detectó ZEA en el 
30% de las 2271 muestras de maíz recolectadas en las provincias de Buenos Aires 
y Santa Fe de Argentina en 1983-94, a una concentración promedio de 165 µg / 
kg (variación anual, 46-300 µg/kg) y un máximo de 2000 µg/kg (Resnik et al., 
1996). Se encontró ZEA en 40 de 201 muestras de granos, con concentraciones 
promedio de 24 µg/kg en trigo y 51 µg/kg en centeno en cultivos producidos 
alternativamente y 6 µg/kg en trigo y 4 µg/kg en centeno en muestras producidas 
convencionalmente. La concentración más alta de ZEA fue de 199 µg/kg, 
encontrada en el centeno cultivado alternativamente (Marx et al., 1995).  
Las principales fuentes de ZEA son el trigo, el centeno y la avena en los 
países europeos, y el maíz, los productos de maíz y los productos de trigo en 
Canadá y Estados Unidos. Una incidencia que preocupa y que hace necesarios 
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controles rutinarios. El Reglamento (CE) no 1881/2006 de la Comisión, de 19 
de diciembre de 2006, establece límites máximos para ZEA, en los cereales 
destinados al consumo humano directo, la harina de cereales, el salvado y el 
germen como producto final comercializados para el consumo humano directo, 
es de 75 µg / kg (Tabla 1). Además, las principales fuentes de ZEA son el trigo, 
el centeno y la avena en los países europeos, y el maíz, los productos de maíz y 
los productos de trigo en Canadá y Estados Unidos.  
Tabla 1. Niveles máximos de contaminantes de micotoxinas de zearalenona en 
productos alimenticios (CE, No 1881/2006).  
 
Según la Agencia Europea de Seguridad Alimentaria, EFSA en sus siglas 
en inglés (2011), entre los cereales para consumo humano, la frecuencia de 






1 Cereales sin transformar distintos del maíz 100 
2 Maíz sin procesar  200 
3 Cereales destinados al consumo humano directo, harina de cereales, salvado 
como producto final comercializado para consumo humano directo y germen, 
con excepción de los productos alimenticios enumerados en 4, 7 y 8 
75 
4 Maíz destinado al consumo humano directo, harina de maíz, harina de maíz, 
sémola de maíz, germen de maíz y aceite de maíz refinado  
200 
5 Pan (incluidos los pequeños productos de panadería), bollería, galletas, 
aperitivos de cereales y cereales para el desayuno, excepto los aperitivos de 
maíz y los cereales para el desayuno a base de maíz 
50 
6 Aperitivos de maíz y cereales para el desayuno a base de maíz 50 
7 Alimentos elaborados a base de cereales (excluidos los alimentos elaborados a 
base de maíz) y alimentos infantiles para lactantes y niños pequeños  
20 
8 Alimentos elaborados a base de maíz para lactantes y niños pequeños 20 
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son significativamente mayores. Esta tendencia se mantuvo en los productos de 
la molinería, aunque se determinaron niveles muy elevados en el salvado de trigo 
(33 μg/kg). Así, tanto la prevalencia como el nivel de ZEA en los productos de 
cereales para consumo humano analizados fue bajo excepto en los aceites 
vegetales (principalmente aceite de germen de maíz) con 86% de muestras 
positivas y un nivel medio de 72 μg/kg (Tabla 2). 














Granos para consumo 
humano 
2190 372 (17%) 5.7 3,0 140 
Productos de molienda 
de trigo 
3088 432 (14%) 13 5,0 507 
Productos de molienda 
de centeno 
482 31 (6,4%) 4.1 3,0 50 
Productos de molienda 
de maíz 
838 369 (44%) 14 5,0 509 
Pan y bollos 1247 94 (7,5%) 5.2 4.0 70 
Pasta 330 13 (3,9%) 5.8 3,0 50 
Cereales de desayuno 1377 120 (8,7%) 5.7 3,0 172 
Productos de panadería 
fina 
813 195 (24%) 7.7 5,0 98 
Galletas 541 179 (33%) 9.0 5,0 98 
Cerveza 35 2 (5,7%) 1.0 0,5 10 
Maíz dulce 94 10 (11%) 4.8 4.0 50 
Aceites vegetales 221 190 (86%) 72 49 823 
Alimentos para bebés y 
niños pequeños 
420 17 (4%) 7.0 6,7 20 
aA las muestras <LOD se les dio el valor LOD. LOQ: 0.02 a 20 μg/kg 
 
Se ha demostrado que la biotransformación de ZEA ocurre en hongos, 
plantas y mamíferos, e involucra tanto al macrociclo alifático como al anillo 
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aromático. Debido a la rápida biotransformación y excreción de ZEA en 
animales, la ingesta dietética a través de carne y productos derivados es, en 
principio, de poca importancia (Creppy, 2002). ZEA puede excretarse en la leche 
de las vacas lactantes tras la administración a dosis altas. Según Prelusky et al. 
(1990), las concentraciones máximas (6.1 µg/L ZEA, 4 µg/L α-zearalenol y 6.6 
µg/L β-zearalenol) se encontraron en la leche de una vaca que recibió una dosis 
oral de 6000 mg ZEA (equivalente a 12 mg/kg de peso corporal), pero a dosis 
bajas, sin encontrarse ni ZEA ni sus metabolitos en la leche (<0.5 µg/L) de vacas 
lactantes alimentadas con 50 o 165 mg de ZEA (equivalente a 0.1 y 0.33 mg/kg 
de peso corporal) durante 21 días. Tampoco se ha detectado ZEA en huevos de 
producción comercial. Teniendo en cuenta los niveles medios de ZEA en los 
principales alimentos y su consumo, la ingesta diaria promedio de ZEA oscila en 
adultos de 0.8 a 29 ng/kg de peso corporal, mientras que los niños pequeños 
tienen las ingestas diarias media más altas, de 6 a 55 ng/kg de peso corporal/día 
(Minervini et al., 2005). Por lo tanto, se ha estimado que las ingestas dietéticas 
medias de ZEA en Canadá, Dinamarca y Noruega son 20 ng/kg pc/día, y en los 
EEUU son 30 ng/kg pc/día (Zinedine et al, 2007). 
El Comité Mixto FAO/OMS establece una ingesta diaria máxima 
tolerable provisional (IDTMP) para ZEA de 0.5 µg/kg de peso corporal, basada 
en el NOEL de 40 µg/kg de pc/día obtenido en un estudio de 15 días en cerdos. 
El comité recomendó que la ingesta total de ZEA y sus metabolitos (incluido el 
α-zearalenol) no debería exceder este valor (CCFAC, 2000). Los niveles máximos 
tolerados de ZEA para el consumo humano se han establecido en 20 μg/kg en 
alimentos destinados a bebés y lactantes, 50 μg/kg en tortitas y cereales para el 
desayuno a base de maíz y 200 μg/kg en maíz sin procesar y ciertos productos 
de maíz (EFSA, 2011). 
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Los derivados de ZEA (α-zearalenol (α-ZEL), β-zearalenol (β-ZEL), α-
zearalanol (α-ZAL), β-zearalanol (β-ZAL), zearalanona (ZAN)) se pueden 
detectar en mazorcas de maíz infectados con Fusarium en el campo (Bottalico et 
al., 1985) y en el cultivo de arroz (Richardson et al., 1985) (Figura 2). Además, se 
informa la presencia de α-ZEL y β-ZEL en subproductos de maíz, ensilaje de 
maíz y harina de soja a niveles bajos (Schollenberger et al. 2006). Se han 
identificado cuatro metabolitos fúngicos relacionados con ZEA en cultivos de 
F. graminearum, que son 13-formil-ZEA, 5,6-dehidro-ZEA y los dos 
estereoisómeros de 5-hidroxi-ZEA. 
 
Figura 2. Estructura química de los derivados de la zearalenona 
El metabolismo de ZEA se puede dividir en dos fases: metabolismo de 
fase I y metabolismo de fase II. Se ha sugerido que las 3α- y 3β-hidroxiesteroide 
deshidrogenasas (HSD) catalizan los metabolitos de fase I de ZEA en 
mamíferos, que eran los estereoisómeros de ZEL (α-ZEL y β-ZEL) y se ha 
demostrado que ocurren en el hígado de rumiantes (Mirocha et al., 1981), cerdos 
(James y Smith, 1982), pavos (Olsen et al., 1986) y gallinas (Dänicke et al., 2002), 
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eritrocitos de rata (Chang y Lin, 1984) y la mucosa intestinal de cerdos (Biehl et 
al., 1993). Son también capaces de convertir ZEA a α-ZAL y β-ZAL. De acuerdo 
con la fácil reducción del grupo 7-ceto, α- y β-ZEL se detectaron como 
metabolitos ZEA en la fracción de glucurónidos del plasma sanguíneo, orina o 
bilis de numerosas especies in vivo, incluidas ratas, cerdos, vacas, cabras y gallinas, 
(Dong et al., 2010; Zinedine et al., 2007).  
Por otro lado, la conjugación de ZEA y sus metabolitos reductores α-ZEL 
y β-ZEL con ácido glucurónico catalizado por uridina difosfato glucuronil 
transferasas (UDPGT), representan la vía metabólica II, en animales domésticos 
y también en humanos (Biehl et al., 1993; Dänicke et al., 2005; Dong et al., 2010; 
Mirocha et al., 1981; Olsen et al., 1985; Zöllner et al., 2002). Los metabolitos 
glucurónidos son ZEA-glucurónido (ZEA-Glu), α-zearalenol-glucurónido (α-
ZEL-Glu), β-zearalenol-glucurónido (β-ZEL-Glu), Zearalanona-glucurónido 
(ZAN-Glu), 
De acuerdo con el estudio realizado por Ueno et al. (1983), α-ZEL fue el 
metabolito principal en hepatocitos cultivados de rata, ratón, cerdo, vaca y 
conejo a pH 4.5 con NADH o NADPH y a pH 7.4 con NADH, aunque a pH 
7.4 con NADPH, β-ZEL fue el metabolito predominante. En cobayas, tanto α- 
como β-ZEL se produjeron en cantidades similares independientemente del pH 
y cofactor, mientras que en hámster β-ZEL fue el principal metabolito, lo que 
indica que hay dos tipos de ZEA reductasa que difieren en el pH óptimo. 
Además, se indica en otros estudios que ZEA se metaboliza a α-ZEL y β-ZEL 
por la mucosa intestinal de cerdas in vitro con predominio del isómero β-ZEL 
(Olsen et al., 1987). Malekinejad y col. (2006), mostró que los cerdos convierten 
ZEA predominantemente en α-ZEL, mientras que en los bovinos β-ZEL es el 
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metabolito hepático dominante. Aunque se encontraron diferencias 
significativas en el perfil metabólico de ZEA entre especies animales, se dispone 
de datos muy limitados para humanos.  
Las concentraciones de ZEA, α-ZEL y β-ZEL en la orina de un voluntario 
masculino 6, 12 y 24 h después de una dosis oral única de 100 mg de ZEA fueron 
de 3.7 y 3 µg/ml y no se detectaron después de 6 h; 6.9, 6 y 2.7 µg/ml después 
de 12 h; y 2,7, 4 y 2 µg/ml después de 24 h (Mirocha et al., 1981). En rumiantes, 
ZEA y sus metabolitos se detectan en la bilis a tasas respectivas de 68% de β-
ZEL, 24% de α-ZEL y 8% de ZEA (Danicke et al., 2002); también aumentaron 
en el hígado y la bilis a la dosis administrada (Döll et al., 2003). Sin embargo, ni 
ZEA ni sus metabolitos se detectan en músculos, riñones, hígado, vejiga, grasa 
dorsal de bovinos macho que ingieron 0.1 mg de ZEA/día/kg de alimento 
(Danicke et al., 2002). 
1.3.1. Toxicidad in vitro de zearalenona y sus metabolitos 
La toxicidad de ZEA y sus metabolitos es causada no solo por efectos 
estrogénicos, sino también por otros mecanismos como la citotoxicidad. Se ha 
evidenciado que el metabolito α-ZEL muestra una toxicidad mayor que β-ZEL, 
pero ambos son menos citotóxicos que ZEA (Abid-Essefi et al., 2004). 
Minervini et al. (2001, 2006) y Alm et al. (2002) que investigaron la maduración 
de ovocitos porcinos, equinos y bovinos in vitro por metabolitos ZEA obtuvieron 
resultados similares. En ambos estudios, α-ZEL demostró un efecto negativo 
sobre la progresión meiótica de los ovocitos, mientras que β-ZEL no mostró 
ningún efecto o mostró un efecto positivo débil solo a concentraciones altas. 
Por el contrario, Abid-Essefi et al., (2009) encontraron que β-ZEL era más 
citotóxico que α-ZEL, mientras que ambos eran menos citotóxicos que ZEA. 
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Además, en otro estudio de Benzoni et al., (2008) demostraron que tanto α-ZEL 
como β-ZEL reducen la viabilidad de los espermatozoides de una manera 
dependiente de la dosis y el tiempo, específicamente se encontró que β-ZEL era 
más citotóxico que α-ZEL, sin embargo, se encontró que la ZEA era la más 
citotóxica en comparación con sus dos derivados. Por otro lado, Wollenhaupt et 
al., (2004) detectaron un efecto antiproliferativo de la micotoxina β-ZEL en 
células endometriales porcinas; el resultado se reflejó en una reducción 
significativa de las células en la fase S, acompañada de una detención de las 
células en la fase G0/G1. Además, α-ZEL mostró un marcado efecto inhibidor 
sobre la proliferación celular, incluso a dosis muy bajas, esencialmente mediado 
por apoptosis en células Jurkat-T (Luongo et al., 2006). Además, ZEA, α-ZEL y 
β-ZEL también inducen citotoxicidad en líneas de células inmunes. 
1.3.2. Inducción de estrés oxidativo de zearalenona y sus 
metabolitos 
La citotoxicidad de ZEA y sus metabolitos puede producirse por varios 
mecanismos como el estrés oxidativo, la peroxidación lipídica y el daño del ADN 
en células in vitro. Se ha evidenciado que la ZEA puede inducir estrés oxidativo 
durante la formación de sus metabolitos al generar especies reactivas de oxígeno 
(ROS), lo que produce un daño en el ADN (Minervini y Dell'Aquila, 2008; So et 
al., 2014; Tatay et al., 2017b). Diversos autores han evidenciado que ZEA induce 
daño oxidativo y apoptosis e inhibe la síntesis de ADN y proteínas en células de 
hepatocito humano HepG2 (Ayed-Boussema et al., 2008; Hassen et al., 2007). 
Gazzah y col. (2010) y El Golli Bennour et al. (2009) también demostraron una 
mayor producción de ROS a través de modificaciones indirectas del estado 
oxidativo después de la exposición a ZEA en células HepG2 y Ayed-Boussema 
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et al. (2008) observaron un aumento en la producción de ROS dependiente del 
tiempo, así como, Venkataramana et al. (2014) en células de neuroblastoma 
humano (SH-SY5Y) expuestas a ZEA. En las células CHO-K1 se detectó 
inducción de ROS cuando las células se expusieron a ZEA (Ferrer et al., 2009). 
Efectos similares se observaron en células tumorales de Leydig de ratón (MLTC-
1) y células epiteliales bronquiales (BEAS-2B) por Li et al., (2014) y So et al., 
(2014). Gao et al., (2013) expusieron células renales embrionarias humanas 
(HEK293) a ZEA y registraron un aumento en la producción de ROS; se 
observaron alteraciones lisosomales que resultan en daño mitocondrial como 
resultado de la exposición a ZEA. Abid-Essefi et al., (2004) ha demostrado que 
estos metabolitos son capaces de aumentar la peroxidación lipídica de manera 
dependiente de la concentración según se infiere por la cantidad de 
malondialdehído (MDA) generada, lo que indica un aumento de la producción 
de radicales libres, en células Vero tratadas con ZEA. Banjerdpongchai et al., 
(2010) también evidenciaron la capacidad de ZEA para generar ROS en células 
HL-60. 
Son pocos los estudios publicados sobre los metabolitos de ZEA y los 
mecanismos implicados en la generación intracelular de ROS. Pero se ha 
observado que estas micotoxinas causan efectos citotóxicos y estrés oxidativo 
en varias líneas celulares como CHO-K1 (Tatay et al., 2014; Ferrer et al., 2009), 
células HepG2 (Tatay et al, 2017b), y en células de adenocarcinoma Caco-2 
colorrectal (Abid-Essefi et al., 2009; Pfeiffer et al., 2011; Kouadio et al., 2005). 
Además, Lu et al. (2013) observaron un aumento de ROS en células de 
macrófagos RAW264.7, tratadas con α-ZEL y β-ZEL. Othmen et al. (2008) 
determinaron el efecto de α-ZEL y β-ZEL sobre el estrés oxidativo midiendo 
niveles de MDA en células Vero y encontraron que estas micotoxinas inducen 
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peroxidación lipídica (LPO) de una manera dependiente de la concentración en 
las células. Las micotoxinas reducen la viabilidad celular correlacionada con los 
aumentos de la generación de ROS y la formación de MDA de manera 
dependiente de la concentración y el tiempo. Ben Salem et al., (2016) 
demostraron que α-ZEL y β-ZEL aumentaron el nivel de superóxido de aniones 
mitocondriales en las células HEK293. Además, ZEA podría alterar la 
maquinaria antioxidante celular y afectar los niveles y actividades de las enzimas 
de detoxificación, incluidas glutatión reducido (GSH), superóxido dismutasa 
(SOD), MDA, glutatión peroxidasas (GPx) y catalasa (CAT) en diferentes tipos 
de células (Tatay et al., 2017b; Zheng et al., 2018b). 
1.3.3. Interrupción del ciclo celular de la zearalenona y sus 
metabolitos 
Varios estudios han sugerido que ZEA y sus derivados reducen el número 
de células al inducir la apoptosis celular, también se ha sugerido que la 
sobreproducción de ROS está involucrada en el proceso de detención del ciclo 
celular inducido por ZEA en la fase G2/M y también en apoptosis celular 
(Zheng et al., 2018b). Por lo tanto, el estrés oxidativo puede explicar por qué 
ZEA causa daño al ADN e induce la detención del ciclo celular en diferentes 
tipos de células. La exposición a ZEA y α-ZEL provocó un aumento simultáneo 
de las poblaciones sub-G0 y S + G2/M en células de granulosa cultivadas de 
ovarios equinos (Minervini et al., 2006). Además, se observó que ZEA redujo el 
número de células al retrasar la regeneración de las células de Leydig (Zhou et 
al., 2018). ZEA podría inducir apoptosis y necrosis en células de Sertoli de rata 
a través de las vías apoptóticas extrínsecas e intrínsecas (Xu et al., 2016). Después 
de la exposición a ZEA (30 y 50 µM) durante 12 h, se detectaron células 
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apoptóticas tempranas; mientras que después de la exposición a ZEA durante 
24 h, se observaron principalmente células apoptóticas tardías (Chen et al., 
2015a). 
1.3.4. Actividad estrogénica de la zearalenona y sus metabolitos 
Según la reunión de la OCDE (Organización para la Cooperación y el 
Desarrollo Económicos) sobre la Evaluación y Pruebas de Disruptores 
Endocrinos en abril de 2011, un posible disruptor endocrino es “una sustancia 
química que puede alterar el funcionamiento del sistema endocrino”; pero las 
consecuencias de los efectos adversos de esa alteración de la información en un 
organismo intacto son inciertas (OCDE, 2011).  
Ciertos compuestos químicos pueden imitar o antagonizar la acción de los 
estrógenos naturales como el 17β-estradiol (E2). Estos compuestos tienen poca 
similitud estructural obvia con los estrógenos naturales, pero pueden unirse a los 
receptores de estrógenos (RE en castellano o ER de sus siglas en inglés), influir 
en la expresión de genes regulados por estrógenos, regular el crecimiento de 
células dependientes de estrógenos y producir respuestas fisiológicas de 
estrógenos in vivo (Darbre et al., 2002; EFSA, 2013). Dado que estas sustancias 
pueden interferir con el funcionamiento normal de los procesos endocrinos, 
pueden causar varios trastornos de salud relacionados con las hormonas en 
humanos y animales, incluida la pubertad temprana en las mujeres, la reducción 
del recuento de espermatozoides, la alteración de las funciones de los órganos 
reproductivos, la obesidad, comportamientos sexuales alterados y una mayor 
incidencia de algunos cánceres de mama, ovario, testículo y próstata (Bittner et 
al., 2014). Los tejidos que responden al estrógeno, como el útero, la glándula 
mamaria, los huesos, el hígado, el cerebro y otros, contienen dos tipos de ER, 
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ERα y ERβ, cuya expresión es específica de tejido; sin embargo, además de los 
efectos sobre los tejidos reproductivos, las células del sistema inmunológico 
también tienen RE; por ejemplo, ERα se expresa en células T, células NK y 
macrófagos, mientras que ERβ se expresa más prominentemente en células B y 
monocitos. 
Se ha indicado que la actividad estrogénica de ZEA y sus metabolitos está 
mediada por su afinidad de unión a RE e imitando la actividad de los estrógenos 
naturales; siendo tan potentes como el cumestrol y la genisteína, dos 
fitoestrógenos que alteran el sistema endocrino. Sin embargo, a diferencia de los 
fitoestrógenos, que se unen preferentemente a ERβ, la afinidad de ZEA y sus 
metabolitos reductores por ERβ es aproximadamente igual a su afinidad por los 
receptores ERα (Le Guevel y Pakdel, 2001; Bang et al., 2004; Grassi et al., 2013; 
Xiao et al., 2013). Según Tashiro et al., (1980) la afinidad de unión relativa de 
ZEA y sus derivados al receptor citoplásmico uterino de rata fueron según el 
siguiente orden α-ZAL> α-ZEL> β-ZAL> ZEA> β-ZEL. Además, en otro 
estudio sobre células de cáncer de mama humano, las actividades estrogénicas se 
clasificaron como α-ZEL = α-ZAL> ZAN> ZEA = β-ZAL> β-ZEL (Parveen 
et al., 2009). Minervini et al., (2005) han indicado que ZEA y sus derivados 
mostraron propiedades estrogénicas similares, con la excepción de α-ZEL que 
indujo una actividad estrogénica más alta que ZEA y β-ZEL, el mismo resultado 
se observó años después en Tatay et al., (2017a). Los estereoisómeros de ZEL 
difieren considerablemente en su estrogenicidad, siendo α-ZEL 
aproximadamente 10 veces más potente que ZEA y β-ZEL 50 veces menos 
(Olsen y Kiessling, 1983). Las diferencias de especies en la unión del receptor 
también pueden contribuir a la alta sensibilidad en algunos animales como los 
cerdos: cuando se comparó la afinidad de unión relativa de α-ZEL a los RE de 
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cerdo, rata y pollo, el RE porcino mostró la mayor afinidad y el RE de pollo la 
menor (Fitzpatrick et al., 1989). 
Varios estudios también han demostrado que ZEA no solo puede 
interrumpir la pubertad y el ciclo estral, sino que también podría afectar los 
eventos tempranos del embarazo, incluida la fertilidad, el desarrollo del embrión 
y la implantación del embrión (Zhao et al., 2014). También se ha demostrado 
que ZEA disminuye la fertilidad debido a trastornos del tracto reproductivo y 
desarrollo fetal anormal, reduce el tamaño y peso de las glándulas suprarrenales 
y pituitarias en animales y altera el ciclo de ovulación (Parveen et al., 2009; 
Cortinovis et al., 2013; EFSA, 2016). Además, también se indicó que la 
exposición a ZEA puede adelantar el momento de la pubertad humana. ZEA y 
sus metabolitos se han visto implicados en una serie de incidentes relacionados 
con la pubertad precoz entre las niñas de varios países (Mukherjee et al., 2014). 
Se sospecha que ZEA es un factor desencadenante del desarrollo de la pubertad 
precoz en niñas (Massart et al., 2008). ZEA también redujo el peso testicular, 
ovárico y uterino en ratas de 2 días (Kuiper-Goodmann et al., 1987), mientras 
que en ratones recién nacidos presentaron cornificación vaginal, celo persistente, 
fertilidad reducida, anovulación y disminución de la producción de hormonas 
gonadotrópicas por la hipófisis; además, en las hembras porcinas se observó una 
disminución de las camadas vivas y un aumento de la pseudo-preñez (Young y 
King, 1984). ZEA y α-ZEL también podrían inhibir la síntesis de la producción 
de andrógenos inducida por gonadotropina coriónica humana (HCG) en 
cultivos primarios de células de Leydig y líneas celulares de Leydig in vitro (Gao 
et al., 2018; Li et al., 2014). Además, muchos estudios han indicado que ZEA y 
sus derivados podrían perturbar la producción de estradiol (Belli et al., 2010; 
Wang et al., 2010); perturbar la producción de progesterona (Chen et al., 2015b; 
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Savard et al., 2016) y disminuir la síntesis y secreción de la hormona folículo 
estimulante (FSH) en cerdas a través del receptor acoplado a proteína G del 
receptor de membrana de estrógeno no clásico 30 (GPR30) in vitro (He et al., 
2018). 
La función principal de las células de la granulosa es producir esteroides 
sexuales. Durante la fase folicular del ciclo menstrual, la FSH estimula las células 
de la granulosa de la pituitaria anterior para convertir los andrógenos en estradiol 
vía aromatasa. Además, después de la ovulación, las células de la granulosa se 
convierten en células de luteína de la granulosa, que pueden producir 
progesterona (Garzo y Dorrington, 1984). Por tanto, la función y la viabilidad 
de las células de la granulosa son de vital importancia para la síntesis y secreción 
de los esteroides sexuales, incluidos el estradiol y la progesterona. Varios estudios 
han indicado que ZEA puede alterar la función, inhibir la viabilidad y causar la 
muerte celular en las células de la granulosa. Los estudios in vitro demostraron 
que ZEA podría alterar la función y la estabilidad genómica de las células de la 
granulosa porcina y disminuir la tasa de apoptosis (Zhang et al., 2017; Liu et al., 
2018), también inducir apoptosis y necrosis en las mismas células a través de la 
vía de señalización mitocondrial dependiente de caspasa 3 y caspasa 9 (Zhu et 
al., 2012). Además, ZEA y sus metabolitos alteraron la proliferación celular, la 
producción de esteroides y la expresión génica en células de la granulosa de 
folículos pequeños bovinos in vitro (Pizzo et al., 2016), y también disminuyeron 
la síntesis y secreción de FSH y LH a través de receptores estrógenos no clásicos 
de membrana GPR30 en glándulas pituitarias porcinas y bovinas (He et al., 





BEA es un hexadepsipéptido cíclico que consta de una secuencia alterna 
de tres grupos d-α-hidroxi-isovalerilo y tres N-metil-1-fenilalanilo (Figura 3). 
Originalmente se aisló de Beauveria bassiana y desde entonces se ha detectado en 
varias especies de hongos, incluido especies de Fusarium, que es parásito del maíz, 
el trigo, el arroz y otros productos básicos importantes. 
 
Figura 3. Estructura química de Beauvericina 
Se ha detectado que BEA inhibe la contracción tónica provocada por un 
alto contenido en potasio (K+) en cobayas Taenia Coli, y que también podría 
disminuir una alta fuerza contráctil inducida por K+ en el íleo terminal y en los 
músculos papilares estimulados eléctricamente (Nakajyo y col., 1987; Lemmens-
Gruber et al, 2000). El ion calcio (Ca2+), el mensajero celular que media la 
función celular y los mecanismos fisiológicos, puede convertirse en una señal de 
muerte cuando se administra en un momento y lugar determinados y en 
determinadas circunstancias (Berridge et al, 2000; Hajnoczky et al, 2000). Por 
otro lado, se ha demostrado que la transferencia de Ca2+ desde el retículo 
endoplásmico a las mitocondrias es necesaria para el inicio de la apoptosis 
(Scorrano et al, 2003). Es interesante ya que BEA inhibió la corriente de Ca2+ en 
la línea celular neuronal NG 108-15 y permitió un flujo de cationes en las células 
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del canal, aumentando así el Ca2+ intracelular. En última instancia, puede activar 
varias vías biológicas que conducen a la muerte celular. Además, se demostró 
que reduce la retención de calcio en mitocondrias aisladas (Tonshin et al., 2010). 
Este efecto podría cooperar con la entrada de Ca2+ a través de la membrana 
plasmática para activar la apertura de los poros de transición de la permeabilidad 
mitocondrial y colapsar el potencial de la membrana mitocondrial. Por lo tanto, 
se ha descrito que la citotoxicidad de esta micotoxina para varias líneas celulares 
se basa en la inducción de apoptosis a través de la vía mitocondrial (Jow et al., 
2004, Lin et al., 2005). Se evidenció que BEA causa apoptosis atribuida a la 
familia Bcl-2, citocromo C y caspasa 3; por otro lado, incrementos de calcio 
citoplasmático, aberraciones cromosómicas, fragmentación del ADN, 
alteraciones de micronúcleos y que es el inhibidor específico más potente de 
colesterol aciltransferasa (Acyl -coA) (Mallebrera et al., 2016). La incidencia de 
fragmentación nuclear y formación de cuerpos apoptóticos aumentó 
significativamente en las células CCRF-CEM tratadas con BEA, además, de un 
incremento en el citosol de actividad caspasa-3 de forma dosis dependiente (Jow 
et al., 2004). 
También se ha propuesto que BEA tiene propiedades inhibidoras 
antibióticas, apoptóticas y de colesterol aciltransferasa y funciona como agente 
de control biológico activo sobre plagas de insectos que afectan a plantas de 
importancia agrícola (Hamill y col., 1969; Ojcius et al, 1991; Tomoda y col., 1992; 
Wagner y Lewis, 2000). Por tanto, puede acumularse en el medio ambiente y 
entrar en la cadena alimentaria. 
Si bien varias micotoxinas de Fusarium aparecen en el reglamento (CE Nº 
165/2010) y recomendaciones de la CE (Recomendación, 2006/583/CE), BEA 
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no está legislada ni incluida en el Reglamento de la Comisión (CE) Nº 1881/2006 
que establece el máximo niveles de contaminantes específicos para la protección 
de la salud pública, sin embargo, los esfuerzos se centran en esta micotoxina, ya 
que en 2018 la EFSA publicó un Informe Científico relacionado con la toxicidad 
y genotoxicidad in vivo de BEA basado en el hecho de que no hay datos 
suficientes para establecer sus valores de referencia. No obstante, se han 
reportado altos niveles de contaminación, hasta 10-500 mg/kg, para la suma de 
BEA y enniatinas en trigo, cebada y maíz del sur, centro y norte de Europa (Uhlig 
et al., 2007, Jestoi, 2008). BEA también se ha encontrado como contaminante 
natural del maíz en Italia, Austria, Polonia, Sudáfrica y EE. UU. (Krska et al., 
1996, Logrieco et al., 1993, Munkvold et al., 1998, Ritieni et al., 1997, Shephard 
et al., 1999); así como en 17 de 64 muestras totales (26.5%) de cereales crudos 
(trigo, maíz y cebada), con frecuencias de contaminación de 19, 28 y 50%, en 
maíz, trigo y cebada respectivamente de Marruecos, y en 21 de 64 muestras 
totales (32.8%) con frecuencias de contaminación de 42.8%, 21.4% y 50% en 
trigo, maíz y cebada respectivamente (Zinedine et al, 2011; Meca et al, 2010). 
1.4.1. Efectos de toxicidad in vitro de Beauvericina 
Varios estudios relacionados con BEA sugirieron que ejerce un efecto 
citotóxico sustancial en células de invertebrados y mamíferos. Indujo apoptosis 
en linfocitos de sangre periférica de pavo (Dombrink-Kurtzman, 2003), en la 
línea celular de carcinoma humano (Lin et al., 2005), linfocitos B humanos 
IARC/ LCL 171 (Logrieco et al., 1996), hematopoyéticos humanos, epiteliales y 
células fibroblastoides (Logrieco et al., 1997) y colangiocitos de roedores (Que 
et al., 1997). Fornelli et al, (2004) demostraron que la viabilidad tanto de las 
células U-937 como de las células HL-60 se vio afectada y disminuyó en los 
Introducción 
23 
cultivos expuestos a BEA. Para varias líneas celulares de cáncer humano, se ha 
descrito que la citotoxicidad de BEA se basa en la inducción de apoptosis a 
través de la vía mitocondrial. Además, se encontró que era citotóxico en las 
células de mastocitoma murino P815, células de linfoma Yac-1 y células de 
timoma EL-4 (Ojcius et al., 1991), las células RBL-1 de mastocitos de rata, el 
fibroblastoide de simio CV-1, las células IARC/BL 41 humanas (de linfoma de 
Burkitt), células HeLa (de carcinoma cervical), células HepG2 de hepatoma, 
carcinoma de colon humano HCT 116 (Macchia et al., 1995, Logrieco et al., 
2002); y disminuir la viabilidad celular de una manera dependiente de la dosis y 
el tiempo, en células Caco-2 (Prosperini et al, 2013a).  
En un estudio realizado por Juan-García et al., (2019) en células HepG2 
expuestas a BEA individualmente y combinadas con ocratoxina A (OTA), se 
demostró una mayor citotoxicidad de BEA en la proliferación celular al interferir 
en ella, lo que sucedió de manera similar en las células PK15 por Klarić et al., 
(2010). Los datos obtenidos por Jow et al., (2004) revelaron que BEA induce la 
muerte celular en células de leucemia humana (CCRF-CEM) de una manera 
dosis y tiempo dependientes. Los mismos resultados obtenidos por Chen et al., 
(2006) donde BEA también indujo la muerte celular en células CCRF-CEM. 
Otros estudios también indicaron inhibición de la proliferación celular en varias 
líneas celulares: células CHO-K1, células Caco2, células Vero, células H4IIE, 
células HCT 116, células C6 y células Jurkat-T (Zouaoui et al, 2016; Ferrer et al. 
2009; Ruiz et al., 2011a, Ruiz et al., 2011b, Watjen et al., 2014; Manyes et al., 
2018). BEA también tiene efecto citotóxico en dos líneas celulares humanas de 
origen mieloide: las células de linfoma monocítico U-937 y las células de 
leucemia promielocítica HL-60 (Calò et al., 2004). Por otro lado, se han obtenido 
resultados negativos de BEA en el ensayo de mutagenicidad del Test de Ames, 
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en el que se encontró sólo un efecto moderadamente tóxico de BEA con el 
ensayo de bioluminiscencia bacteriana (Fotso y Smith, 2003). 
1.4.2. Inducción de estrés oxidativo de Beauvericina 
La citotoxicidad y el daño celular pueden producirse induciendo la 
producción de ROS y el daño de la actividad mitocondrial como consecuencia 
de la exposición a BEA, y ha sido evidenciado por varios estudios en diferentes 
líneas celulares. Por ejemplo, se ha evidenciado un aumento significativo en la 
producción de ROS (de 1.3 a 4.0 veces mayor que el control) después de la 
exposición a BEA en células Caco-2 (Prosperini et al., 2013a), también lo 
demostró Ferrer et al., (2009) que esta micotoxina podría dañar el metabolismo 
celular de las células CHO-K1 a través de la generación de ROS y la producción 
de MDA de manera dependiente de la concentración y del tiempo. En otro 
estudio sobre la misma línea celular, BEA también mostró un nivel elevado de 
producción de ROS (Mallebrera et al., 2015); evidenciando que la inducción de 
la LPO y el agotamiento del GSH están involucrados en los niveles de ROS, y 
su activación podría contribuir a la citotoxicidad de algunos compuestos. En un 
estudio realizado por Klarić et al, (2007), el nivel de GSH intracelular como 
marcador de la capacidad celular antioxidante, se redujo significativamente 
después de exponerse a la micotoxina BEA en células PK15, especulando que la 
acción ionofórica de BEA altera la estructura de la membrana lipídica y produce 
peróxido de hidrógeno, que a su vez disminuye la capacidad antioxidante celular. 
Prosperini et al., (2013a) también confirmaron que la generación de ROS juega 
un papel en los eventos moleculares por BEA que conducen al daño celular, 
particularmente por la inducción de agotamiento de LPO y GSH en células 
Caco-2. De manera similar, Juan-García et al., (2020) proporcionaron evidencia 
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de generación de LPO y ROS en células HepG2 expuestas a BEA 
individualmente y en combinación con OTA que se relacionaron con 
alteraciones detectadas para los niveles de glutatión reducido (GSH) y oxidado 
(GSSG). Paciolla et al., (2004) también observaron que BEA aumentaba los 
niveles de peróxido de hidrógeno y disminuia la actividad de la enzima 
depuradora de ROS, la catalasa (CAT) en protoplastos de tomate, lo que sugiere 
la participación del estrés oxidativo en el daño celular. Además, la exposición a 
BEA en las células CHO-K1 indujo un aumento significativo en los niveles de 
GSH, la actividad de GPx y glutatión-S-transferasa (GST) como sistema de 
defensa antioxidante (Mallebrera et al, 2014). Por el contrario, Dornetshuber et 
al. (2009b) no observaron ninguna producción de ROS en células de leucemia 
promielocítica humana (HL60) y células de carcinoma de cuello uterino humano 
(KB-3-1), y de manera similar sucedió en las células Jurkat-T que no se observó 
producción de ROS cuando se expusieron a BEA (Manyes et al., 2018). 
1.4.3. Inducción del ciclo celular de Beauvericina 
Generalmente, las micotoxinas que perturban la progresión del ciclo 
celular inician su actividad tóxica con efecto antiproliferativo, seguido de la 
acumulación de células en una o más fases del ciclo celular. Prosperini et al., 
(2013a) demostraron que las células Caco-2 tratadas con BEA reducían de forma 
significativa del porcentaje de células en la fase G0/G1  y producían detención 
en las fases G2/M y S. De manera similar, se obtuvieron los mismos resultados 
en células de monocitos-macrófagos murinos (RAW 264.7), cáncer de pulmón 
de células humanas (A549) y células Caco-2, para las enniatinas, unas 
micotoxinas estructuralmente relacionada con BEA (Dornetshuber et al., 2007; 
Gammelsrud et al., 2012; Prosperini et al., 2013b). También se demostró que 
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BEA inhibió la proliferación celular al detener las células CHO-K1 en la fase 
G0/G1 después de 24 h y un resultado opuesto después de 48 h y 72 h donde 
la detención celular sucedió a través de la fase G2/M e impidió la entrada de las 
células a la mitosis (Mallebrera et al, 2016). Aunque existen pocos estudios sobre 
el efecto de las micotoxinas combinadas en la alteración del ciclo celular, Juan-
García et al., (2019) investigaron el efecto de la micotoxina BEA de forma 
individual y combinada con OTA en células HepG2. Los resultados de BEA 
mostraron una disminución significativa en todas las fases del ciclo celular, pero 
solo en la fase G0/G1 cuando se combinó con OTA. En otro estudio en células 
Jurkat-T, se observó la detención de S y la disminución en el porcentaje de 
células en la fase G2/M a las concentraciones más altas de BEA (Manyes et al., 
2018). 
1.5. Copresencia de micotoxinas 
La coexistencia de micotoxinas en alimentos y piensos y su importante 
papel en la salud humana es un fenómeno bien conocido. Sin embargo, debido 
al gran número de micotoxinas y a la complejidad resultante de los diseños 
experimentales de estudios adecuados para la investigación de efectos 
combinatorios (por ejemplo, con respecto a las proporciones de compuestos, 
rangos de concentración, selección de criterios de valoración toxicológicos 
razonables, etc.), la evaluación de riesgos para la salud que tiene en cuenta dicha 
copresencia sigue siendo un desafío. Si bien, el estudio del impacto de las 
micotoxinas y sus combinaciones en piensos y productos alimenticios ha ganado 
atención en los últimos años, debido a la capacidad de la mayoría de Fusarium 
spp. para producir simultáneamente diferentes micotoxinas. Por ello, la EFSA 
ha publicado recientemente un borrador de documento de orientación donde se 
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describe una metodología de evaluación de riesgos armonizada para la 
exposición combinada a múltiples sustancias químicas en todas las áreas 
relevantes (EFSA, 2019). Hasta la fecha, la mayoría de los datos sobre los efectos 
combinatorios de las micotoxinas proceden de estudios in vitro, por lo que queda 
por ver si los resultados pueden confirmarse in vivo. Hay varias combinaciones 
de micotoxinas que ya se han probado in vitro. La mayoría de estos estudios 
investigaron principalmente los efectos citotóxicos en diferentes modelos 
celulares (Juan-García et al, 2016; Juan-García et al, 2015; Ruiz et al; 2011a; 
Zouaoui et al, 2016; Juan-García et al, 2019; Ferrer et al, 2009). Con base en 
estos estudios, parece que el impacto de la combinación de micotoxinas varía 
sustancialmente dependiendo de la proporción de compuestos aplicados, el 
rango de concentración y el modelo celular, que van desde efectos antagónicos 
a aditivos e incluso sinérgicos. 
Un tema crítico, pero aún ignorado, en la evaluación del riesgo para la 
salud de las micotoxinas se refiere a los efectos combinados no solo de la 
micotoxina original y sus formas modificadas, sino también con otras sustancias 
presentes en los alimentos. Esto parece particularmente importante en el caso 
de ZEA y sus formas modificadas, ya que se estima que la exposición a ZEA y 
sus formas modificadas está cerca o incluso por encima del valor del grupo-TDI, 
al menos para algunos grupos de edad (EFSA 2011, 2014). Además, ZEA no 
solo coexiste con sus metabolitos, sino también con otras micotoxinas de 
Fusarium que no están reguladas por EFSA, como BEA (Ferrer et al, 2009). 
Para los compuestos tóxicos se han desarrollado varios métodos 
matemáticos implementados en programas informáticos para evaluar el efecto 
de la combinación de compuestos y los efectos que contribuyen a la toxicología 
Introducción 
28 
computacional: Chou (2006) y Chou and Talalay (1984) mediante isobologramas, 
adición simple de efecto, análisis factorial de varianza mediante el uso de dos 
vías simples, ANOVA, criterio de independencia de Bliss, Ley de aditividad de 
Loewe, Modelo de agente único más alto (HSA) (no interacción de Gaddums), 
etc. (Kifer et al., 2020). Para la evaluación de mezclas de micotoxinas, el método 
de Choy y Talalay se ha utilizado ampliamente en la predicción de efectos 
potenciales (sinergismo, adición y antagonismo) (Juan-García et al, 2016, 2019a, 
2019b; Agahi et al., 2020) incluso con fuertes diferencias en estructuras químicas, 
así como en la variedad de especies de hongos productores. 
1.6. Estudio in silico de micotoxinas 
Hoy en día, el desarrollo de programas informáticos y computacionales 
facilita la predicción de enfoques experimentales en toxicología que deben 
confirmarse con ensayos adicionales. Estos sistemas utilizan estructuras 
químicas, parámetros y descriptores que, en comparación con otros compuestos 
estudiados, pueden dar como resultado un conocimiento empírico de su efecto 
para prevenir la exposición o incluso para promover el desarrollo de terapias 
para evitar o disminuir los efectos tóxicos. 
El escenario de investigación global para nuevas terapias y desarrollo de 
nuevos medicamentos para enfermedades comunes, o como está sucediendo 
hoy en día en la pandemia mundial SARS-COVID-19 por efectos secundarios 
en la salud, el uso de técnicas de detección virtual es una buena alternativa para 
ayudar en el descubrimiento de nuevas estrategias y sin utilizar o evitar los 
ensayos biológicos a largo plazo. Todas estas estrategias terminan explorando el 
perfil de efectos mediante la aplicación de programas informáticos. Uno de estos 
programas alternativos es PASS-on line (predicción de espectros de actividad 
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para sustancias), un enfoque in silico que revela las actividades biológicas de los 
compuestos, sus mecanismos de acción y los efectos secundarios relacionados 
(Lagunin et al., 2000). La versión PASS-on line predice más de 4000 tipos de 
actividad biológica, incluidos efectos farmacológicos, mecanismos de acción, 
efectos tóxicos y adversos, interacción con enzimas metabólicas y 
transportadores, influencia en la expresión génica, etc., como se describe en su 
página web (www.pharmaexpert.ru/passonline) (Lagunin et al., 2000). La 
predicción se basa en el análisis de relaciones estructura-actividad para más de 
250.000 sustancias biológicamente activas, incluidos fármacos, candidatos a 
fármacos, conductores y compuestos tóxicos (Lagunin et al., 2000). 
El soporte de los descubrimientos de nuevos compuestos y el 
conocimiento de su toxicidad viene dado por otros programas en línea que 
trabajan con diferentes parámetros, algunos de ellos son: SwissADME, Meta-
Tox, GUSAR, ROSC-Pred, etc. Cada programa está enfocado en brindar 
diferentes predicciones; por ejemplo, mientras MetaTox predice los productos 
de metabolitos de Fase I y II que se pueden generar a partir de un compuesto 
(Rudik et al., 2017), SwissADME es un programa computacional que permite 
calcular descriptores fisicoquímicos, así como parámetros de ADME, 
propiedades farmacocinéticas, naturaleza farmacológica y compatibilidad con la 
química medicinal de una o varias moléculas pequeñas (Daina et al., 2017). 
1.7. Células de neuroblastoma humano 
Las pruebas toxicológicas y neurotoxicológicas se basan principalmente en 
modelos animales experimentales, pero se han desarrollado varios modelos de 
cultivo celular y tejidos para estudiar el mecanismo de neurotoxicidad. En 
general, las células de origen humano son alternativas atractivas a los modelos 
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animales de exploración de la toxicidad del ser humano. La línea celular de 
neuroblastoma humano SH-SY5Y, derivada de una biopsia de médula ósea 
humana, deriva de un ganglio simpático y se usa ampliamente como modelo de 
función neuronal, enfocándose en la neurotoxicidad, neuroprotección y 
patogénesis de la neurodegeneración. Además esta línea celular posee muchas 
características de las neuronas dopaminérgicas, es un modelo celular popular 
para la investigación de enfermedades neurodegenerativas. Dado que las células 
SH-SY5Y son de origen humano, expresan una serie de proteínas e isoformas 
de proteínas específicas para humanos que no estaran presentes de forma 
inherente en cultivos primarios de roedores. Por ejemplo, estas células expresan 
tirosina hidroxilasa y dopamina-beta-hidroxilasa, así como el transportador de 
dopamina, normalmente bloqueado en una etapa de diferenciación neuronal 
temprana (Oyarce et al, 1991). Las células SH-SY5Y indiferenciadas expresan 
captación de alta afinidad y liberación dependiente de Ca2+ evocada por 
despolarización de [3H]-noradrenalina ([3H]-NA). Estas células expresan 
proteínas que han sido implicadas en el acoplamiento y fusión de vesículas 
sinápticas durante la exocitosis (Goodall et al., 1997) lo que lleva a la suposición 
de que pueden realizar esta función en las SH-SY5Y. Además, se ha demostrado 
que estas células son un buen modelo celular en el estudio de diferentes 
micotoxinas (Kalagatur et al, 2021; Zingales et al, 2020; Venkataramana et al, 
2014). También se ha evidenciado que las células SH-SY5Y indiferenciadas 
expresan RE, que funcionan como factores de transcripción activados por 
ligandos para regular la transcripción de genes (Grassi et al, 2013; Ding et al, 
2019). 
Las células de neuroblastoma pueden diferenciarse en células similares a 
las neuronas mediante la adición de compuestos específicos a los cultivos 
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celulares, mostrando fenotipos colinérgicos, adrenérgicos o dopaminérgicos. Las 
células SH-SY5Y indiferenciadas proliferan continuamente, expresan 
marcadores neuronales inmaduros y carecen de marcadores neuronales 
maduros; también se considera que recuerdan a las neuronas catecolaminérgicas 
inmaduras. Después de la estimulación con varios agentes, adquieren un 
fenotipo similar a una neurona más madura caracterizado por una forma 
fusiforme con procesos ramificados largos y un aumento de marcadores 
neuronales dopaminérgicos, lo que los convierte en una herramienta de 
investigación útil para dilucidar los mecanismos de toxicidad de varias drogas, 
incluidas las drogas de abuso que tienen efectos neurotóxicos, muchos de los 
cuales están mediados por el sistema dopaminérgico (Presgraves et al. 2004; 
Takeuchi et al. 2009). La diferenciación de las células SH-SY5Y induce una 
disminución en la tasa de proliferación a medida que las células se retiran del 
ciclo celular, y un aumento en la actividad de la enolasa específica de neuronas, 
una isoenzima que está presente en los tejidos neuronales y neuroendocrinos 
(Encinas et al, 2000). Además, la diferenciación sincroniza el ciclo celular, que 
puede fluctuar drásticamente en células SH-SY5Y indiferenciadas y otras líneas 
celulares de uso común, para producir una población de células neuronales 
homogénea. La diferenciación neuronal implica una serie de eventos específicos, 
incluida la formación y extensión de procesos neuríticos, aumento de la 
excitabilidad eléctrica de la membrana plasmática, formación de sinapsis 
funcionales positivas para sinaptofisina e inducción de enzimas, 
neurotransmisores y receptores de neurotransmisores específicos de neuronas. 
Por lo tanto, al determinar si se deben utilizar células indiferenciadas o 




Por otro lado, todos los organismos con un sistema nervioso central bien 
desarrollado tienen una barrera hematoencefálica (BBB) creada por las células 
endoteliales que forman las paredes de los capilares en el cerebro y la médula 
espinal de los seres humanos (Abbott et al., 2005). Se ha demostrado que la BBB 
funciona como una barrera protectora de las sustancias neurotóxicas que 
circulan en la sangre, que pueden ser metabolitos o proteínas endógenos, o 
xenobióticos ingeridos en la dieta o adquiridos del medio ambiente. Varios 
estudios han demostrado que las micotoxinas de Fusarium son capaces de 
atravesar la BBB y causar la muerte de las células neuronales (Krug et al., 2018; 
Taevernier et al., 2016; Behrens et al., 2015). Por ejemplo, BEA alcanza el BBB 
si pasa a la circulación sistémica y, por lo tanto, es capaz de ejercer efectos sobre 
el sistema nervioso central como se demostró en un estudio in vitro del transporte 
de BBB (con homogeneizados de cerebro de ratón) (Taevernier et al., 2016). 
Además, las micotoxinas de la misma familia (enniatin B y B1) en un modelo de 
BBB porcino utilizando diferentes líneas celulares demostraron llegar al 
parénquima cerebral, destacando el efecto neurotóxico de estas micotoxinas 
(Krug et al., 2018). Sin embargo, existen muy pocos estudios y estos son 
limitados sobre los efectos de los derivados de ZEA y la BEA sobre la BBB, por 
lo que su estudio de forma individual y combinada son interesante llevarlos a 
cabo. 
1.8. Producción de estrés oxidativo 
Las células de mamíferos han desarrollado mecanismos de protección para 
minimizar los eventos nocivos que resultan de las sustancias químicas tóxicas y 
los productos oxidativos normales del metabolismo celular. El estrés oxidativo 
se caracteriza por una sobreproducción de especies reactivas de oxígeno (ROS) 
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y es una consecuencia del metabolismo aeróbico que, en células eucariotas, 
ocurre principalmente en las mitocondrias y puede conducir a daño mitocondrial 
de varias formas. La reducción de oxígeno en la cadena respiratoria implica la 
formación de intermediarios de oxígeno tóxicos. Aproximadamente el 2-5% del 
consumo de O2 mitocondrial genera peróxido de hidrógeno (H2O2). El H2O2, si 
no se reduce, puede conducir a la formación del radical hidroxilo muy reactivo 
y provocar la formación de hidroperóxidos lipídicos que pueden dañar 
membranas, ácidos nucleicos, proteínas y alterar sus funciones. 
En condiciones fisiológicas normales, del 1 al 5% del oxígeno se convierte 
en ROS, por lo que la mayoría de las estimaciones sugieren que la mayor parte 
de la producción de ROS intracelulares deriva de las mitocondrias. La 
producción de radicales superóxido mitocondriales tiene lugar principalmente 
en dos puntos discretos de la cadena de transporte de electrones, a saber, en el 
complejo I (nicotinamida adenina dinucleótido deshidrogenasa) y el complejo 
III (ubiquinona-citocromo C reductasa). En condiciones metabólicas normales, 
el complejo III es el sitio principal de producción de ROS. El daño del ADN y 
del ADN mitocondrial no reparado que conduce a una función defectuosa del 
complejo I y/o III puede resultar en una mayor reducción de electrones de O2 
para formar el ion superóxido. El aumento del flujo de superóxido resultante de 
este tipo de lesiones del ADN mitocondrial podría contribuir posteriormente al 
estrés oxidativo metabólico, la inestabilidad genómica, y lesión celular. El ADN 
mitocondrial representa un objetivo crítico para tal daño oxidativo. Una vez 
dañado, el ADN mitocondrial puede amplificar el estrés oxidativo al disminuir 
la expresión de proteínas críticas importantes para el transporte de electrones, lo 
que conduce a un círculo vicioso de ROS y desregulación de orgánulos que 
eventualmente desencadena en apoptosis. La exposición crónica a ROS puede 
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resultar en daño oxidativo a proteínas, lípidos y ácidos nucleicos mitocondriales 
y celulares, y la exposición aguda a ROS puede inactivar los centros de hierro-
azufre (Fe-S) de los complejos de cadena de transporte de electrones I, II y III, 
y aconitasa del ciclo del ácido tricarboxílico, que provoca la interrupción de la 
producción de energía mitocondrial.  
Las mitocondrias normalmente están protegidas del daño oxidativo por 
una red multicapa de sistemas antioxidantes mitocondriales, que está formada 
por antioxidantes enzimáticos y no enzimáticos. Los antioxidantes enzimáticos 
consisten en SOD, CAT, GPx y glutatión reductasa (GR) junto con una serie de 
antioxidantes de bajo peso molecular como el α-tocoferol y ubiquinol, con el 
agregado de los provenientes de la ingesta alimentaria como zeaxantina, luteína, 
polifenoles presentes en las bayas de goji y café entre otros (Montesano et al., 
2020; Juan et al., 2020; Juan-García et al., 2019a). Estas moléculas son 
particularmente efectivas para eliminar radicales peroxilo de lípidos y prevenir 
las reacciones en cadena de radicales libres de peroxidación de lípidos. Sin 
embargo, estos sistemas antioxidantes no son perfectos. 
La enzima de la matriz mitocondrial manganeso superóxido dismutasa 
(MnSOD o SOD2) o SOD de cobre / zinc (Cu / ZnSOD o SOD1) en el espacio 
intermembrana mitocondrial y el citosol convierte O2•- en peróxido de hidrógeno 
(H2O2) en la reacción O2•- + O2•- + 2H+→ H2O2 + O2. El H2O2 es más estable 
que el O2•- y puede difundirse desde las mitocondrias hacia el citosol y el núcleo 
y, en consecuencia, iniciar cascadas de peroxidación de lípidos en las membranas. 
Además, los productos de la oxidación de azúcares, proteínas y lípidos pueden 
causar daños secundarios a las proteínas, que pueden perder la función catalítica 
y sufrir una degradación selectiva. Posteriormente, el H2O2 es metabolizado por 
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GPx en las mitocondrias y el citosol usando GSH como sustrato, y por CAT en 
peroxisomas, ambos convirtiéndolo en H2O. Por otro lado, la enzima CAT 
también participa en catalizar la descomposición de H2O2 junto con GPx. Las 
enzimas CAT son abundantes en los peroxisomas de las células hepáticas, pero 
no tanto en las células neuronales, y GPx es abundante en las mitocondrias y el 
compartimento del citosol. Además, GST es una familia de enzimas que catalizan 
la conjugación de GSH con multitud de sustratos para desintoxicar los 
compuestos exógenos y endógenos. Estas enzimas intervienen en la 
desintoxicación de xenobióticos y en el mecanismo protector frente al daño 
celular, como el estrés oxidativo. 
Además de los sistemas protectores enzimáticos, las células de mamíferos 
están equipadas con un sistema antioxidante endógeno protector formado por 
un antioxidante no enzimático llamado ciclo redox del glutatión, que consiste en 
GSH y GSSG mencionado anteriormente en la metabolización del peróxido de 
hidrógeno. 
El GSH actúa como eliminador nucleofílico de numerosos compuestos y 
sus metabolitos, mediante mecanismos enzimáticos y químicos, convirtiendo los 
centros electrofílicos en enlaces tioéter, y como sustrato en la destrucción de 
hidroperóxidos mediada por peroxidasa de GSH. El agotamiento de GSH hasta 
aproximadamente el 20-30% de los niveles totales de glutatión puede afectar la 
defensa de la célula contra las acciones tóxicas de dichos compuestos y puede 
provocar lesiones celulares y la muerte. GSH se mantiene en una pareja redox 
con GSSG dentro de la célula y es regenerado por GSH reductasa, una enzima 
citosólica dependiente de NADPH. Además, el GSH mitocondrial puede ser 
importante en la regulación de la permeabilidad de la membrana interna al 
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mantener los tioles intramitocondriales en estado reducido. Debido a que las 
mitocondrias no tienen catalasa, dependen únicamente de la peroxidasa GSH 
para desintoxicar los hidroperóxidos. Un sistema redox de glutatión completo 
consta de GSH, GR, GPx y NADPH generados a partir de NADH por 
transhidrogenación. GPx utiliza los equivalentes reductores de GSH, el tiol no 
proteico celular más abundante, del cual entre un 10% y un 15% se encuentra 
en las mitocondrias. También fue propuesto en primer lugar por Meredith & 
Reed, (1982 y 1983), que el GSH mitocondrial tiene un papel protector de la 
citotoxicidad. Demostraron que el inicio de la lesión de cel1 en hepatocitos de 
rata aislados por ácido etacrínico se correlacionaba con el agotamiento del GSH 
mitocondrial, mientras que el grupo citosólico podría agotarse sin afectar la 
viabilidad celular.  
Debido a que ningún sistema de defensa es completamente eficiente, la 
gama completa de enzimas antioxidantes endógenas disponibles no puede 
neutralizar completamente las ROS emitidas por las mitocondrias. Las lesiones 
oxidativas acumulativas de las mitocondrias, desencadenadas por procesos 
metabólicos endógenos y/o influencias oxidativas exógenas, hacen que las 
mitocondrias se vuelvan cada vez menos eficientes. A medida que las 
mitocondrias pierden progresivamente su integridad funcional, proporciones 
cada vez mayores de moléculas de oxígeno que las alcanzan se convierten en 
ROS, que socavan el sistema de defensa mitocondrial. Además, se cree que la 
tasa de liberación de GSSG es proporcional a la actividad de la peroxidasa de 
GSH (Akerboom et al. 1980), y la proporción de par redox GSH/GSSG es un 
marcador importante de estrés oxidativo debido a su función antioxidante y alta 
concentraciones en las células. 
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1.9. Mecanismos de muerte celular y progresión del ciclo celular 
La apoptosis ha sido reconocida y aceptada como un modo distintivo e 
importante de muerte celular "programada", que implica la eliminación 
determinada genéticamente de células. La apoptosis ocurre normalmente 
durante el desarrollo y el envejecimiento y como mecanismo homeostático para 
mantener las poblaciones de células en los tejidos. La apoptosis también ocurre 
como un mecanismo de defensa, como en las reacciones inmunes o cuando las 
células son dañadas por enfermedades o agentes nocivos. Aunque existe una 
amplia variedad de estímulos y condiciones, tanto fisiológicas como patológicas, 
que pueden desencadenar la apoptosis, no todas las células morirán 
necesariamente en respuesta al mismo estímulo. La irradiación o los fármacos 
utilizados para la quimioterapia contra el cáncer dañan el ADN de algunas 
células, lo que puede provocar la muerte por apoptosis a través de una vía 
dependiente de p53. Algunas hormonas, como los corticosteroides, puede 
conducir a la muerte apoptótica en algunas células (p. ej., timocitos) aunque otras 
células no se ven afectadas o incluso estimuladas. Otra cuestión relacionada es 
la de distinguir la apoptosis de la necrosis, dos procesos que pueden ocurrir de 
forma independiente, secuencial y simultánea (Hirsch, 1997; Zeiss, 2003). En 
algunos casos, es el tipo de estímulo y/o el grado de estímulo lo que determina 
si las células mueren por apoptosis o necrosis. A dosis bajas, una variedad de 
estímulos perjudiciales como el calor, la radiación, la hipoxia y los fármacos 
citotóxicos contra el cáncer pueden inducir la apoptosis, pero estos mismos 
estímulos pueden provocar necrosis a dosis más altas. Finalmente, la apoptosis 
es un proceso coordinado y, a menudo, dependiente de la energía que implica la 
activación de un grupo de cisteína proteasas llamadas "caspasas" y una compleja 
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cascada de eventos que vinculan los estímulos iniciadores con la desaparición 
final de la célula. 
Durante el proceso temprano de apoptosis, las células parecen ser de 
tamaño más pequeño debido a la contracción celular y, en consecuencia, el 
citoplasma es denso y los orgánulos están más apretados. La alternativa es la 
muerte celular por necrosis, que se considera un proceso tóxico en el que la 
célula es una víctima pasiva y sigue un modo de muerte independiente de energía. 
Algunos de los principales cambios morfológicos que ocurren con la necrosis 
incluyen hinchazón celular; formación de vacuolas citoplasmáticas; retículo 
endoplásmico distendido; formación de ampollas citoplasmáticas; mitocondrias 
condensadas, hinchadas o rotas; desagregación y desprendimiento de ribosomas; 
membranas de orgánulos rotos; lisosomas hinchados y rotos; y eventualmente 
ruptura de la membrana celular. Aunque los mecanismos y morfologías de la 
apoptosis y la necrosis difieren, existe una superposición entre estos dos 
procesos. La evidencia científica indica que la necrosis y la apoptosis representan 
expresiones morfológicas de una red bioquímica compartida descrita como el 
“apoptosis-necrosis continuum” (Zeiss, 2003). La necrosis es un proceso pasivo e 
incontrolado que generalmente afecta a grandes campos de células, mientras que 
la apoptosis es controlada y dependiente de la energía y puede afectar a 
individuos o grupos de células. La lesión de las células necróticas está mediada 
por dos mecanismos principales: la interferencia con el suministro de energía de 
la célula y el daño directo a las membranas celulares.  
Hasta la fecha, las investigaciones indican que existen dos vías apoptóticas 
principales: la vía extrínseca o del receptor de muerte y la vía intrínseca o 
mitocondrial. Las células apoptóticas exhiben varias modificaciones bioquímicas 
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tales como escisión de proteínas, entrecruzamiento de proteínas, ruptura del 
ADN y reconocimiento fagocítico que, en conjunto, dan como resultado la 
patología estructural distintiva descrita anteriormente (Hengartner, 2000). Las 
caspasas se expresan ampliamente en una forma de proenzima inactiva en la 
mayoría de las células y, una vez activadas, a menudo pueden activar otras 
procaspasas, lo que permite el inicio de una cascada de proteasas. Algunas 
procaspasas también pueden agregarse y autoactivarse. Esta cascada proteolítica, 
en la que una caspasa puede activar otras caspasas, amplifica la vía de 
señalización apoptótica y, por tanto, conduce a una muerte celular rápida. Una 
vez que las caspasas se activan inicialmente, parece haber un compromiso 
irreversible con la muerte celular. Hasta la fecha, se han identificado diez 
caspasas principales y se han categorizado ampliamente en iniciadores (caspasa-
2, -8, -9, -10), efectores o verdugos (caspasa-3, -6, -7) y caspasas inflamatorias 
(caspasa-1, -4, -5). El control y la regulación de los eventos mitocondriales 
apoptóticos ocurre a través de miembros de la familia de proteínas Bcl-2 que 
gobierna la permeabilidad de la membrana mitocondrial y puede ser 
proapoptótica o antiapoptótica. También se ha implicado a muchos de los 
miembros de la familia Bcl-2 en la regulación de la muerte celular en el sistema 
nervioso. Hasta la fecha, se han identificado un total de 25 genes en la familia 
Bcl-2. Algunas de las proteínas anti-apoptóticas incluyen Bcl-2, Bcl-x, Bcl-XL, Bcl-
XS, Bcl-w, BAG, y algunas de las proteínas proapoptóticas incluyen Bcl-10, Bax, 
Bak, Bid, Bad, Bim, Bik y Blk.  
Así como la apoptosis está controlada por una maquinaria altamente 
conservada, el ciclo celular es un mecanismo altamente conservado por el cual 
proliferan las células eucariotas. Las anomalías en la regulación de la muerte 
celular pueden ser un componente importante de enfermedades como el cáncer, 
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el síndrome linfoproliferativo autoinmune, el SIDA, la isquemia y enfermedades 
neurodegenerativas como la enfermedad de Parkinson, la enfermedad de 
Alzheimer, la enfermedad de Huntington y la esclerosis lateral amiotrófica. 
Algunas afecciones presentan una apoptosis insuficiente, mientras que otras 
presentan una apoptosis excesiva. 
Curiosamente, la apoptosis y el ciclo celular comparten algunos factores 
comunes, incluidos Rb, E2F y p53, y exhiben similitudes morfológicas de 
redondeo celular y condensación de cromatina (King y Cidlowski, 1995). Esto 
sugiere que ambos procesos podrían estar regulados hasta cierto punto por 
mecanismos moleculares similares. El ciclo celular se divide en cuatro fases: G1 
(primer espacio), S (síntesis de ADN), G2 (segundo espacio) y M (mitosis). La 
progresión a través de estas fases está regulada por la expresión, activación e 
inhibición secuenciales de los complejos de quinasa dependiente de ciclina 
(CDK) y sus subunidades de activación, las ciclinas, así como por los inhibidores 
de quinasa dependiente de ciclina (CDKI). En la proliferación celular, el 
progreso del ciclo celular está estrictamente controlado a través de puntos de 
control (en las fases G0/G1 y G2/M) que funcionan como interruptores 
moleculares que aseguran que los eventos críticos en una fase del ciclo celular se 
completen antes de que se pueda ingresar a la siguiente fase de crecimiento con 
proliferación celular, coordinando así la división y el crecimiento celular. Las 
células bloqueadas en cualquiera de los puntos de control volverán a G0 y se 
volverán a diferenciar (si se detienen en el punto de control G1), o bien, las 
células morirán por apoptosis (Liu y Greene, 2001a; Nagy, 2000). 
Varios factores alteran el proceso por el cual una célula experimenta la 
división celular que es la progresión del ciclo celular. Los puntos de control del 
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ciclo celular se activan mediante una cascada de señales y detienen 
temporalmente la progresión del ciclo celular. Para mantener la integridad 
genómica se activan las diferentes proteínas de los puntos de control induciendo 
la detención del ciclo celular para reparar el daño o si la lesión excede la 
capacidad reparadora de la célula para activar la muerte celular (Damia & 
Broggini, 2003). Generalmente, las micotoxinas que perturban la progresión del 
ciclo celular inician su actividad tóxica con efecto antiproliferativo, seguido de la 
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El objetivo principal de esta Tesis Doctoral fue el de estudiar los efectos 
de las micotoxinas alfa-zearalenol (α-ZEL), beta-zearalenol (β-ZEL) y 
beauvericina (BEA) in silico e in vitro en la línea celular de neuroblastoma humano, 
SH-SY5Y.  
Para llevar a cabo este objetivo, las células SH-SY5Y estuvieron expuestas 
a tratamientos individuales y combinados de α-ZEL, β-ZEL y BEA para alcanzar 
los siguientes objetivos parciales: 
1. Predecir el perfil metabolómico de zearalenona, α-ZEL y β-ZEL y sus 
efectos tóxicos mediante metodología in silico. 
2. Determinar el tipo de interacción toxicológicos (sinergismo, adición o 
antagonismo) en las combinaciones binarias y terciarias de las 
micotoxinas estudiadas y determinar la micotoxina más involucrada en 
dicho efecto cuantificándolas por LC-qTOF-MS en el medio de 
cultivo celular.  
3. Analizar el rol de estrés oxidativo mediante la evaluación de la 
generación de especies reactivas de oxígeno y la actividad de las 
enzimas implicadas en el sistema de defensa enzimático y no 
enzimático. 
4. Examinar la expresión de genes implicados en el proceso de muerte 
celular por apoptosis (CASP3, BAX y BCL2) y de receptores de 
estrógenos (ERβ y GPER1) por RT-PCR. 
5. Evaluar la progresión del ciclo celular y la activación de la ruta de 







The main objective of this Doctoral Thesis is the study of the effects of 
the mycotoxins alfa-zearalenol (α-ZEL), beta-zearalenol (β-ZEL) and 
beauvericin (BEA) in silico and in vitro on human neuroblastoma cells SH-SY5Y.  
To carry out these objectives, SH-SY5Y cells were exposed to individual 
and combined treatments of α-ZEL, β-ZEL and BEA to achieve the following 
specific objectives: 
1. Predict the metabolomics profile of zearalenone, α-ZEL and β-ZEL, 
and their toxic effects via an in silico study. 
2. Determine the toxicological interactions (synergism, additive or 
antagonism) in binary and tertiary combinations of assayed 
mycotoxins and determine the most involved mycotoxin in mentioned 
effect, quantifying them with LC-qTOF-MS in cell culture medium.  
3. Analyse the role of oxidative stress by evaluating the generation of 
reactive oxygen species and intracellular defense systems of enzymatic 
and non-enzymatic activity.  
4. Examine the expression of genes involved in cell death process by 
apoptosis (CASP3, BAX, BCL2) and receptors of estrogens (ERβ and 
GPER1) by RT-PCR.  
5. Evaluate the cell cycle progression and activation of cell death pathway 
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Zearalenone (ZEA), α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) 
(ZEA's metabolites) are co/present in cereals, fruits or their products. All three 
with other compounds, constitute a cocktail-mixture that consumers (and also 
animals) are exposed and never entirely evaluated, nor in vitro nor in vivo. Effect 
of ZEA has been correlated to endocrine disruptor alterations as well as its 
metabolites (α-ZEL and β-ZEL); however, toxic effects associated to 
metabolites generated once ingested are unknown and difficult to study. The 
present study defines the metabolomics profile of all three mycotoxins (ZEA, 
α-ZEL and β-ZEL) and explores the prediction of their toxic effects proposing 
an in silico workflow by using three programs of predictions: MetaTox, 
SwissADME and PASS online. Metabolomic profile was also defined and toxic 
effect evaluated for all metabolite products from Phase I and II reaction (a total 
of 15 compounds). Results revealed that products describing metabolomics 
profile were: from O-glucuronidation (1z and 2z for ZEA and 1 ab, 2 ab and 3 
ab for ZEA's metabolites), S-sulfation (3z and 4z for ZEA and 4 ab, 5 ab and 6 
ab for ZEA's metabolites) and hydrolysis (5z and 7 ab for ZEA's metabolites, 
respectively). Lipinsky's rule-of-five was followed by all compounds except 
those coming from O-glucuronidation (HBA>10). Metabolite products had 
better properties to reach blood brain barrier than initial mycotoxins. According 
to Pa values (probability of activation) order of toxic effects studied was 
carcinogenicity > nephrotoxic > hepatotoxic > endocrine disruptor > 
mutagenic (AMES TEST) > genotoxic. Prediction of inhibition, induction and 
substrate function on different isoforms of Cytochrome P450 (CYP1A1, 
CYP1A2, CYP2C9 and CYP3A4) varied for each compounds analyzed; 
similarly, for activation of caspases 3 and 8. Relying to our findings, the 
metabolomics profile of ZEA, α-ZEL and β-ZEL analyzed by in silico programs 
predicts alteration of systems/pathways/mechanisms that ends up causing 
several toxic effects, giving an excellent sight and direct studies before starting 
in vitro or in vivo assays contributing to 3Rs principle; however, confirmation can 
be only demonstrated by performing those assays. 
 
Keywords: Zearalenone; Metabolomics; Prediction; SwissADME; PASS online; 






Mycotoxins are low-molecular-weight toxic compounds synthetized by 
different types of molds belonging mainly to the genera Aspergillus, Penicillium, 
Fusarium and Alternaria (Berthiller et al., 2013; Juan et al., 2020, Pascari et al., 
2019). Effects associated are diverse according to the chemical structure which 
provides a great variety in ADME/T characteristics (absorption, distribution, 
metabolism, and excretion/toxicity) and still to elucidate for most of them. 
Zearalenone (ZEA) is a Fusarium mycotoxin of primary concern. It is 
commonly found in cereals like barley, sorghum, oats, wheat, millet, and rice 
(Juan et al., 2017a, 2017b; Stanciu et al., 2017; Bakker et al., 2018; Oueslati et al., 
2020). When ingested and metabolized, two major metabolites, α-zearalenol (α-
ZEL) and β-zearalenol (β-ZEL), can be found in various tissues; nonetheless, 
their presence is starting to be commonly found in food and feed as natural 
contaminants (EFSA et al., 2011, 2017). Once ingested by the consumer, further 
metabolite products from all three mycotoxins (ZEA, α-ZEL and β-ZEL) can 
be generated by Phase I and II reactions, although their effect is unknown. 
Studies of these compounds contribute to metabolomics profile for following 
the compound transformation (metabolic changes) whose identification and 
quantification will help to elucidate the complete toxic effects. It can help to 
understand global metabolic disturbances. 
Effects associated to ZEA, α-ZEL and β-ZEL have been studied in vitro 
and in vivo and estrogenic effect, oxidative stress, cytotoxicity, DNA damage, 
among others have been reported (Eze et al., 2019; Frizzell et al., 2011; Agahi et 
al., 2020; Juan-García et al., 2020). On the other hand, the entire implication of 
these compounds in producing toxic effects are unknown, same as with its 




many indirect or side effects associated yet not studied and their involvement in 
pathways, cascade or routes still need to be discovered. Nowadays, the 
development of computational and informatics programs facilitates to predict 
experimental approaches in toxicology which need to be confirmed with further 
assays. These systems use chemical structures, parameters and descriptors which 
by comparison with other studied compounds, can give as a result empirical 
knowledge of their effect to prevent against exposure or even to promote the 
development of therapeutics to avoid or decrease toxic effects, concerning 
drugs. 
Combination of compounds is a routine practice in medicine for palliate 
diseases achieving successful results. Previous to this practice it is necessary to 
evaluate the potential effects that this might cause. For toxic compounds there 
have been developed several mathematical methods implemented in informatics 
programs for assessing the effect of compounds combination and effects 
contributing to computational toxicology: Chou and Talalay by using 
isobolograms, Simple Addition of Effect, Factorial Analysis of Variance by using 
simple 2-way ANOVA, Bliss Independence Criterion, Loewe's Additivity Law, 
Highest Single Agent (HSA) Model (Gaddums non-interaction), etc. (Kifer et 
al., 2020). For mycotoxins’ mixture assessment, Choy and Talalay method has 
been widely used in predicting potential effects (synergism, addition and 
antagonism) (Juan-García et al, 2016, 2019a, 2019b; Agahi et al., 2020) even with 
strong differences in chemical structures as well as in the variety of fungi spp. 
producer. 
The global research scenario for new therapies and development of new 
drugs for common diseases, or as it is happening nowadays in the global world 
pandemic SARS-COVID-19 for health side-effects, the use of virtual screening 




avoiding long-term biological assays, is a good alternative. All these strategies 
end-up in exploring profile of effects by application of computer programs. One 
of this alternative programs is PASS online (Prediction of Activity Spectra for 
Substances) an in silico approach that reveals biological activities of compounds, 
their mechanisms of action and connected side-effects (Lagunin et al., 2000). 
The available PASS online version predicts over 4000 kinds of biological activity, 
including pharmacological effects, mechanisms of action, toxic and adverse 
effects, interaction with metabolic enzymes and transporters, influence on gene 
expression, etc. as described on its web page (www.pharmaexpert.ru/passonline) 
(Lagunin et al., 2000). Prediction is based on the analysis of structure activity-
relationships for more than 250,000 biologically active substances including 
drugs, drug-candidates, leads and toxic compounds (Lagunin et al., 2000). 
The support of new compounds discoveries and knowledge of its 
toxicity is given by other on-line programs which work with different 
parameters, some of them are: SwissADME, Meta-Tox, GUSAR, ROSC-Pred, 
etc. Each program is focused in providing different predictions, and for example 
while MetaTox predicts the Phase I and II metabolite products that can be 
generated from one compound (Rudik et al., 2017), SwissADME is a 
computational program that allows to compute physicochemical descriptors as 
well as ADME parameters, pharmacokinetic properties, drug-like nature and 
medicinal chemistry friendliness of one or multiple small molecules (Daina et 
al., 2017). 
To escape long-term biological assays and implementing the 
computational programs for testing compounds and their predicted metabolites, 
here it is presented an in silico working procedure and the prediction of the 
entire potential effects of three mycotoxins (zearalenone (ZEA), α-zearalenol (α-




using three in silico programs described for computational toxicology: MetaTox, 
SwissADME and PASS online; all available on-line. 
 
2. Materials and methods 
Mycotoxins herein studied for this predictive in silico study displayed 
endocrine disruptor effects associated and correspond to: zearalenone (ZEA) 
(MW: 318,37 g/mol), α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) (MW: 
320,38 g/mol) (Figure 1). 
 
 
Figure 1. Metabolomic profile and chemical structures of mycotoxins predicted 
by MetaTox: ZEA (a), α-ZEL (b) and β-ZEL (c). 
 
2.1. Procedure followed (workflow) 
Firstly, prediction of Phase I and II metabolites products was obtained by 
MetaTox software (http://way2drug.com/mg2/) with a molecular sketcher 
based on Marvin JS chemical editor. This editor is used for input and 
visualization of molecular structure (in canonical SMILE) of each mycotoxin, 




reactions in predicting metabolites for drawn structure were selected (Rudik et 
al., 2017). Secondly, all compounds predicted from reactions and mycotoxins 
were evaluated through i)SwissADME by obtaining physicochemical descriptors 
(http://www.swissadme.ch/index.php) (Daina et al., 2017; Cheng et al., 2012; 
Yang et al., 2018) and following the Lipinski's rule of five (RO5) (see section 2.2. 
below) and ii)SwissSimilarity which provides an identification number HMDB 
(Human Metabolome Database version 4.0, https://hmdb.ca/) with a score 
associated (Zoete et al., 2016). Afterwards, all compounds were predicted as 
active compounds or inactive compounds according to probability of activation 
values (Pa) and probability of inactivation values (Pi), respectively; as well as 
their biological activities through PASS online software 
(http://www.pharmaexpert.ru/passonline/info.php) (Workflow 1). Lastly, 
potential toxic effects were predicted for Pa > Pi with PASS online software. 
 
2.2. In silico software: MetaTox, SwissADME and PASS online 
Three in silico softwares available online for studying prediction of 






Workflow 1. Procedure followed to predict the toxic effect of mycotoxins and its 
metabolite products by using different in silico programs. 
 
MetaTox is a software based in generating metabolites and calculating 
probability of their formation where metabolism pathway generation is 
integrated with the prediction of acute toxicity. Metabolomics’ profile is 
predicted by the formation from nine classes of reactions (aliphatic and aromatic 
hydroxylation, N and O-glucuronidation, N-, S- and C-oxidation, and N- and 
O-dealkylation) that are catalyzed by five human isoforms of cytochromes P450s 
(1A2, 2C19, 2C9, 2D6, 3A4) and by human UDP glucuronosyltransferase 
without differentiation into isoforms. The calculation of probability for 
generated metabolites is based on analyses of “structure-biotransformation 
reactions” and “structure-modified atoms” relationships using a Bayesian 
approach (Rudik et al., 2017). 
SwissADME is a web tool that enables to predict the computation of 
key physicochemical properties, pharmacokinetics, mycotoxin-likeness and 
medicinal chemistry friendliness (for one or multiple molecules), (Daina et al., 
2017; Cheng et al., 2012; Yang et al., 2018). This predictive in silico model shows 
statistical significance, predictive power, intuitive interpretation, and straight 
forward translation to molecular design. This program uses Lipinski's rule-of-
five (RO5) for the lead compounds. The compounds were then filtered through 
that rule (RO5) to predict their mycotoxins likeliness. Lipinski's descriptors 
evaluate the molecular properties for compound pharmacokinetics in the human 
body, especially for oral absorption. The rule states molecules to have: molecular 
weight (MW) ≤500, number of hydrogen bond donors (HBD) ≤5, number of 
hydrogen bond acceptors (HBA) ≤10, cLogP ≤5 and number of rotable bounds 




surface area (TPSA) were also considered. Targets of p-glycoprotein (P-gp) 
efflux and isoforms of cytochrome P450 that metabolize the majority of toxic 
compounds (CYP3A4, CYP2C9, CYP2C19, CYP1A1 and CYP1A2) were 
investigated. 
The biological prediction of activity spectra for mycotoxins and 
metabolite products were obtained by PASS online (available in 
www.pharmaexpert.ru/passonline) (Lagunin et al., 2000). This software was 
used to evaluate the general biological potential of all compounds and provided 
simultaneous prediction of several types of biological activity based on their 
chemical structure. It also estimated the predicted activity spectrum of 
mycotoxins as probable activity (Pa, probability to be active) and probable 
inactivity (Pi, probability to be inactive). Both probabilities, Pa and Pi values, 
vary from 0.000 to 1.000; nevertheless, values are expressed as percentage of 
probability (%). 
Among all toxic effects for all three mycotoxins and products of Phase 
I and II reactions provided from PASS, prediction was evaluated for: 
carcinogenesis, endocrine disruption, nephrotoxicity, mutagenicity (with and 
without AMES test), genotoxicity and hepatotoxicity. Biological activities 
prediction inhibiting, inducing or as substrate was evaluated for different 
isoforms of Cytochrome P450 and caspases 3 and 8. All predictions of 
probabilities were expressed as percentage of probability (%). 
 
3. Results 
3.1. Meta-Tox for predicting metabolite products: describing the 
metabolomics profile. 
Metabolite prediction included in MetaTox uses dictionaries of 




biotransformation describing also the metabolomics profile of the compounds. 
Mycotoxins’ canonical SMILE structure were used to predict metabolite 
products in MetaTox. Figure 1 collects chemical structure of mycotoxins and 
metabolite products predicted by MetaTox (five from ZEA (from 1z to 5z) and 
7 for each ZEA's metabolite (from 1 ab to 7 ab)). Metabolite products predicted 
for ZEA were from: reaction of O-glucuronidation (metabolites 1z and 2z), 
reaction of S-sulfation (metabolites 3z and 4z) corresponding to Phase II 
products and one from reaction of hydrolysis (5z) corresponding to Phase I 
products. For α-ZEL and β-ZEL, products were equal for each one with a total 
of seven products for each isoform and corresponding to same reactions as 
ZEA: O-glucuronidation (metabolites: 1 ab, 2 ab and 3 ab), S-sulfation 
(metabolites: 4 ab, 5 ab and 6 ab) and hydrolysis (metabolite 7 ab) reactions. A 
total of 12 compounds were proposed as predicted metabolites products form 
Phase I and II reactions. 
3.2. SwissADME for physicochemical descriptors of zearalenone, α-
zearalenol, β-zearalenol and phase I and II metabolite products 
Target of mycotoxins in organs and systems are wide and unknown for 
most of them; however, they are able to activate several routes or pathways. 
ZEA, α-ZEL and β-ZEL were analyzed through SwissADME online sever for 
molecular properties to validate them as potential inducers/activators of toxic 
mechanisms. All three mycotoxins were filtered through Lipinski's RO5 to 
predict their mycotoxin likeliness (Table 1). All three mycotoxins and metabolite 
products were studied and only metabolites coming from O-glucuronidation of 
ZEA (metabolites 1z and 2z) or α-ZEL and β-ZEL (metabolites 1 ab, 2 ab and 
3 ab) violated Lipinski's rule because of HBA (hydrogen bond acceptor) (Table 




(HMDB ID) and the score of similarity predicted provided from SwissSimilarity. 
All compounds had one or more HMDB ID with score >50% (Table 1). To 







Table 1. Lipinski's molecular descriptors for ZEA, ZEA's metabolites (α-ZEL and β-ZEL) and its products of reaction (from 
O-glucuronidation, O sulfation and hydrolysis) from SwissADME and SwissSimilarity. 
HMDB ID = Human Metabolome Database Identification; MW = Molecular weight; g/mol (acceptable range: <500); HBD = 
Hydrogen bond donor (acceptable range: ≤5); HBA = Hydrogen bond acceptor (acceptable range: ≤10); cLogP = High 
lipophilicity (expressed as LogP, acceptable range: <5); MR = Molar refractivity (acceptable range: 40–130); n-ROTB: number 
of rotatable bounds; TPSA = Topological polar surface area; Å2. *Denotes violation of Lipinski's RO5.
 HMDB ID 
MW 
(≤500)
HBD (≤5) HBA (≤10) cLog P (<5) MR (≤10) n-ROTB (≤10) TPSA 
ZEA 31752 (99.6%) 318.37 2 5 3.58 88.40 0 83.83 
O-Glucuronidation 
Metabolite 1z* 34753 (74.1%)
494.49 5 11* 1.14 121.13 3 180.05 
Metabolite 2z* 60634 (84.3%)
O-Sulfation     
Metabolite 3z 33623 (99.6%) 398.43 2 8 3.06 98.60 2 135.58 
Metabolite 4z 31752 (87.6%)
Hydrolysis     
Metabolite 5z 31752 (52.4%) 336.38 4 6 3.10 92.16 10 115.06 
α-ZEL and β-ZEL 
41838 (99.8%)
41824 (99.7%) 
320.38 3 5 3.37 89.36 0 86.99 
O-Glucuronidation 
Metabolite 1ab* 34753 (86.8%) 
496.51 6 11* 0.94 122.09 3 183.21 Metabolite 2ab* 60634 (75.6%)
Metabolite 3ab* 31752 (53.9%)
O-Sulfation 
Metabolite 4ab 33623 (91.5%)
400.45 3 8 2.85 99.56 2 138.74 Metabolite 5ab 31752 (90.4%)
Metabolite 6ab 41838 (91.1%)
Hydrolysis 





Probability for ADMET and toxicity profile for all compounds was 
evaluated. Table 2 reports values for mycotoxins, while Table 3 for metabolite 
products of Phase I and II's reactions of all three mycotoxins. Results reveal that 
ZEA mycotoxin has very low prediction for BBB crossing (28.22%) and similar 
tendency was obtained for α-ZEL and β-ZEL (31.47%). However, high 
gastrointestinal absorption was reported for all three mycotoxins (HIA >97%, 
Caco-2 permeability >48% and P-glycoprotein substrate >84%) (Table 2). The 
results indicate moderate to high absorption by the gastrointestinal tract, but 
unlikely to penetrate into the brain on its current form unless metabolized (Table 
3). Distribution (P-gp substrate) was favored with probability >84%. For 
metabolism prediction, several cytochrome P450 (CYP450) isoenzymes were 
evaluated showing similar pattern for all three mycotoxins. Probability of ZEA 
as substrate in CYP450 went from 55.40% (isoform 3A4) to 86.69% (isoform 
2D6); while as inhibitor of CYP450 from 68.95% (isoform 1A2) to 91.60% 
(isoform 2D6). For α-ZEL and β-ZEL, as substrates of CYP450 probability 
went from 60.44% (isoform 2C9) to 83.54% (isoform 2D6); while as substrate 
from 72.46% (isoform 2C19) to 90.07% (isoform 2D6) (Table 2). For toxicity 
evaluation, ZEA reported higher values than α-ZEL and β-ZEL (Table 2). 
For Phase I and II metabolite products of all three mycotoxins, ADMET 
probability values revealed that all 12 compounds (5 metabolite products from 
ZEA and 7 products from α-ZEL and β-ZEL) were able to pass the 
gastrointestinal tract (>70%), especially metabolite products originated in S-
Sulfation and hydrolysis. Probability of BBB crossing was >95% for all same 
metabolites originated in same reaction mentioned above although quite low for 
O-glucuronidation metabolite products (<37%) (Table 3). Distribution (P-gp 




It is noticed that as long as the Phase I and II reactions take place, metabolite 
products become more suitable to reach BBB compartment (Table 3). 
 
Table 2. Probability of ADMET and toxicity profile for ZEA, α-ZEL and β-ZEL. 
 ZEA  α-ZEL and β-ZEL 
Probability (%) Probability (%) 
Absorption & Distribution 
BBB 28.22 31.47 
HIA 97.61 97.50 
P-gp substrate 85.50 84.12 
Caco-2 permeability 48.84 59.94 
        LogPapp (cm/s) -5.67 -5.39 
Metabolism 
CYP450 2C9 substrate 57.95 60.44 
CYP450 2D6 substrate 86.69 83.54 
CYP450 3A4 substrate 55.40 57.08 
CYP450 1A2 inhibitor 68.95 76.60 
CYP450 2C9 inhibitor 84.90 89.37 
CYP450 2D6 inhibitor 91.60 90.07 
CYP450 2C19 inhibitor 75.95 72.46 
CYP450 3A4 inhibitor 79.60 76.82 
Toxicity 
AMES toxicity 90.0 85.00 
Carcinogens 90.0 66.04 
Rat acute toxicity (LD50, mol/Kg) 1.88 1.94 













Table 3. Probability of ADMET and toxicity profile of products predicted by MetaTox from ZEA α-ZEL and β-ZEL. 
BBB: blood-brain barrier; HIA: human gastrointestinal absorption; P-gp: P-glycoprotein.
  Metabolomic profile of ZEA  Metabolomic profile of α‐ZEL and β‐ZEL 
Reaction  O‐Glucuronidation  S‐Sulfation  Hydrolysis  O‐Glucuronidation  S‐Sulfation   Hydrolysis  



























BBB  37.65  37.65  97.05  97.05  79.17  31.47  50.00  37.65  97.00  97.04  97.00  79.17 
HIA  72.33  70.65  95.94  96.20  96.75  97.50  68.84  71.40  95.72  96.97  95.90  97.43 
P‐gp substrate  89.04  78.58  82.69  75.15  75.38  84.12  78.48  80.17  81.59  80.54  73.72  73.06 
Caco‐2 permeability  81.87  87.20  76.48  80.89  62.41  59.94  86.25  86.09  66.51  55.72  70.99  61.16 
   LogPapp (cm/s)  ‐7.85  ‐8.24  ‐6.58  ‐6.97  ‐6.51  ‐7.96  ‐7.57  ‐7.42  ‐6.29  ‐6.14  ‐6.69  ‐6.16 
Metabolism 
CYP450 2C9 substrate  100  100  79.13  59.58  59.92  60.44  79.88  80.22  58.95  61.28  61.74  61.90 
CYP450 2D6 substrate  87.97  88.12  86.54  86.41  86.75  83.54  87.85  87.74  85.62  86.69  85.35  86.83 
CYP450 3A4 substrate  63.85  64.20  60.69  61.92  50.71  57.08  64.36  63.41  62.04  60.19  63.23  51.50 
CYP450 1A2 inhibitor  57.71  74.19  73.02  76.60  53.79  57.71  69.70  72.83  69.70  64.06 
CYP450 2C9 inhibitor  92.01  82.74  84.24  89.37  92.95  92.01  82.61  81.81  82.61  79.70 
CYP450 2D6 inhibitor  92.29  87.55  90.45  90.07  91.41  92.29  87.62  86.89  87.62  90.48 
CYP450 2C19 inhibitor  74.09  77.83  82.96  72.46  79.05  74.09  75.21  76.29  75.21  74.04 
CYP450 3A4 inhibitor  73.18  84.7  64.02  76.82  73.89  73.18  75.62  78.53  75.62  61.88 
Toxicity 
AMES toxicity  68.00  66.00  73.00  66.00  79.00  85.00  67.00  70.00  68.79  76.79  60.79  74.00 
Carcinogens  65.75  65.74  88.57  88.57  77.10  66.04  61.54  65.74  62.12  64.01  62.12  75.52 






In metabolism, all ZEA's predicted products were substrate of CYP450 
with probability from 100% (metabolites 1z and 2z) to 59.58% (metabolite 4z); 
while for α-ZEL and β-ZEL metabolites predicted products, it ranged from 
51.5% (metabolite 7 ab) to 87.85% (metabolite 2 ab) (Table 3). Compounds were 
predicted as inhibitor for CYP450 with probabilities from 57.71% to 92.29% 
(metabolites 1z and 2z) for ZEA's predicted products; while from 53.79% 
(metabolite 2 ab) to 92.29% (metabolite 3 ab) for α-ZEL and β-ZEL's predicted 
products (Table 3). To notice that as inhibitors of CYP450 (for all five 
isoenzymes), ZEA's predicted products from O-glucuronidation (metabolites 1z 
and 2z) and S-sulfation (metabolites 3z and 4z) revealed the same probability; 
while this happened in α-ZEL and β-ZEL predicted products from S-sulfation 
(metabolites 4 ab and 6 ab) (Table 3). 
Lastly in terms of toxicity evaluation, probability measured for AMES 
toxicity oscillated between 60.79% and 85% of no-AMES toxicity and 
carcinogenicity from 62.12 to 88.57%. Rat acute toxicity oscillated from 1.94 to 
2.77 mol/kg. 
3.3. Prediction of toxic effects by PASS online 
Mycotoxins and products from metabolomics profile were studied by 
PASS online (Workflow 1). To validate them as suitable inducers/activator 
candidates, PASS online server was used which predicts possible effects of a 
compound based on its structural information. This tool compares more than 
300 effects and biochemical mechanisms of compounds and gives the 
probability of activity (Pa) and inactivity (Pi) (Hasan et al., 2019). 
Figure 2 shows the probability for seven different toxic effects: 





test), genotoxicity and hepatotoxicity. It can be observed that ZEA had the 
highest probability in reporting carcinogenicity (78.2%); while α-ZEL and β-
ZEL in genotoxicity (88.4%) (Figure 2A). Among toxic effects studied, for all 
metabolite products (5 from ZEA and 7 from α-ZEL and β-ZEL), 
carcinogenicity reported the highest probability for all three mycotoxins 
followed by nephrotoxic > hepatotoxic > endocrine disruptor > mutagenic 
(AMES TEST) > genotoxic (Figure 2B). Nonetheless, metabolite products from 
ZEA mycotoxin had the broadest range of probability in all toxic effects studied. 
Details of toxic effects per metabolite product from Phase I and II reactions are 
reported in Supplementary 1. Regarding the carcinogenicity effect predictions in 
rat and mouse (male and female), and the IARC classification is reported in 
Supplementary 2. 
3.4. Prediction of biological activities by PASS online 
Biological activities predicted by PASS online are reported in Figure 3 and Figure 
4. It has been divided in one hand the most common isoforms of cytochrome 
P450 involved in metabolizing toxic compounds (Figure 3); and in the other 
hand, cysteine proteases enzymes which are primary effectors in cell death: 
caspase 3 and caspase 8 (Figure 4).  
3.4.1. Cytochrome P450 
Prediction effects on isoforms of Cytochrome P450 (CYP1A1, CYP1A2, 
CYP2C9 and CYP3A4) are reported in Figure 3 for all three mycotoxins and 
compounds defined in the metabolomics profile (from Phase I and II reactions). 
Effects are reported for each compounds acting as substrate, inducer or 
inhibitor. For all CYP450 isoforms all three mycotoxins reported effect as 





probability prediction than ZEA in all of them independently of its mode of 




Figure 2. Prediction of toxic effects (probability, %) for ZEA (orange star), α-
ZEL and β-ZEL (grey star) (A) and all metabolite products (B, box diagram) of Phase 
I and II reactions obtained from those mycotoxins: ZEA (orange box) and ZEA's 
metabolites (grey box). Bars in (B) report the maximum and minimum value of 
prediction out of the box. (For interpretation of the references to colour in this figure 















Figure 3. Prediction of inhibition, induction and substrate function of different 
isoforms of Cytochrome P450 (probability, %) that metabolize the majority of 
xenobiotics: CYP1A1 (A); CYP1A2 (B); CYP2C9 (C) and CYP3A4 (D). Prediction is 
reported for each metabolite product from ZEA (from dark to light orange), α-ZEL 
and β-ZEL (from dark to light grey). O-glucuronidation products (from dark to light 
blue), S-sulfation products (from dark to light green) and hydrolysis products (in 
brown). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
 
In detail, for isoform CYP1A1, all compounds had effects on it (Fig. 3A). 
Metabolite products coming from α-ZEL and β-ZEL had slightly higher 
probability prediction as substrate (>37%) than ZEA (>35%) for all O-
glucuronidation, S-sulfation and hydrolysis products; as inducers, only 
metabolite products coming from O-glucuronidation reported this prediction 
effects. Finally, as inhibitor, only metabolite 5z from hydrolysis of ZEA and 6 
ab from S-sulfation of α-ZEL and β-ZEL presented such prediction both in 
30% (Fig. 3A). 
For isoform CYP1A2, ZEA metabolite products had effects on it as 
substrate, except those coming from S-sulfation; and products of S-sulfation 





(CYP1A2), only metabolite products of S-sulfation from ZEA (3z and 4z) were 
predicted in 16%. As inhibitor none of the compounds reported prediction in 
this direction (Figure 3B). 
For isoform CYP2C9, ZEA, α-ZEL and β-ZEL were predicted as 
substrate; while only ZEA as inducer and α-ZEL and β-ZEL as inhibitor (Figure 
3C). For metabolite products coming from O-glucuronidation of these 
mycotoxins all were predicted as i) substrate: 54% for those coming from ZEA 
and >60% for those coming from α-ZEL and β-ZEL; and as ii) inducers: >38% 
for all those coming from ZEA and from α-ZEL and β-ZEL. Metabolite 
product of hydrolysis coming from ZEA (5z) was predicted only as inducer 
(26%); while that coming from α-ZEL and β-ZEL (7 ab) was predicted as 
substrate (22%), inhibitor (23%) and inducer (26%). However, no-effect was 
predicted for S-sulfation compounds (neither as substrate, inhibitor or inducer). 
Finally, ZEA, α-ZEL and β-ZEL were predicted as substrate and inducers 
with probabilities >60% for isoform CYP3A4 (Figure 3D). All metabolite 
products from ZEA of O-glucuronidation and S-sulfation were predicted as 
substrate ranging from 32% (2z) to 61% (4z); and inducers ranging from 57% 
(4z) to 80% (1z). No effect was predicted for its hydrolysis product (5z). Similar 
prediction effect was observed for metabolite products from α-ZEL and β-ZEL 
as substrates ranging from 38% (1 ab) to 81% (5 ab) and as inducers ranging 
from 58% (6 ab) to 81% (3 ab). The hydrolysis product 7 ab, was only predicted 
as substrate (35%) (Figure 3D). 
3.4.2. Caspases 3 and 8 
Caspases are involved in cascade activation of cell death, occurring either 
naturally or by exposure to toxic compounds. Prediction for caspases 3 and 8 





compounds. Prediction of activation of both caspases, 3 and 8, was higher for 
α-ZEL and β-ZEL (86% and 49% for caspase 3 and 8, respectively) than for 
ZEA (73% and 43% for caspase 3 and 8, respectively). 
 
 
Figure 4. Prediction of caspases activation (probability, %) implicated in cell 
death pathway: caspase 3 (A) and caspase 8 (B). Graphics are reported for ZEA, α-ZEL, 
β-ZEL and metabolites products of those generated during Phase I and II reactions: 
Oglucuronidation (in blue): 1z and 2z from ZEA, and 1 ab, 2 ab and 3 ab from ZEA's 
metabolites; S-sufation (in green): 3z and 4z from ZEA, and 4 ab, 5 ab and 6 ab from 
ZEA's metabolites; and hydrolysis (in brown): 5z from ZEA and 7 ab from ZEA's 
metabolites. (For interpretation of the references to colour in this figure legend, the 






Caspase 3 was activated for all compounds studied and for metabolite 
predicted from α-ZEL and β-ZEL probability was higher than those from ZEA 
(Fig. 4A). Metabolite products of i) O-glucuronidation from α-ZEL and β-ZEL 
reported caspase activation >80% while those from ZEA <77%; ii) S-sulfation 
from α-ZEL and β-ZEL reported caspase activation >36% while those from 
ZEA <30% and iii) hydrolysis from α-ZEL and β-ZEL reported caspase 
activation 33% while those from ZEA 35% (Figure 4A). 
For caspase 8, ZEA metabolite products reported prediction of activation 
only from those coming from O-glucuronidation and hydrolysis, from 56% to 
29%, respectively (Figure 4B); while those metabolites products coming from α-
ZEL and β-ZEL reported activation of caspases from 51% (1 ab) to 60% (3 ab) 
for O-glucuronidation products, from 25% (6 ab) to 27% (4 ab) for S-sulfation 
products and 34% (7 ab) for the hydrolysis product (Figure 4B). 
4. Discussion 
The present study explores the prediction of toxicity of three mycotoxins 
(ZEA, α-ZEL and β-ZEL) and products defining its metabolomics profile by 
proposing an in silico workflow and by using three software of computational 
toxicology: MetaTox, SwissADME and PASS online. All three mycotoxins are 
well-known to be copresent in food and feed not following good 
manufacture/agricultural practices, generating a public health concern as well as 
agricultural economic losses. Its effect as endocrine disruptor has been widely 
reported although the implications of its metabolite products regarding that 
toxic effects (or others) are unknown. 
The workflow proposed, uses MetaTox to obtain the metabolite products 
formed during Phase I and II reactions, contributing to describe the 





it has been used for assessing the ADMET processes suffered by three 
mycotoxins (ZEA, α-ZEL and β-ZEL) and its metabolites products (1z-5z for 
ZEA and 1 ab-7ab for α-ZEL and β-ZEL); and PASS online, predicted the toxic 
effect of activation and the biological activities with probability values (Pa, 
probability of activation). Different parameters are used for each software 
program which help in predictions, but as it occurs with in vitro or in vivo 
studies, they must be prudently assessed (Workflow 1). 
Metabolites products predicted through MetaTox for the mycotoxins 
studied came from two Phase II reactions: O-glucuronidation and S-sulfation. 
Both are detoxication reactions of first line facilitating excretion. ZEA was 
predicted to generate two metabolites for each type of reaction (from 1z to 4z); 
while for α-ZEL and β-ZEL three metabolites (from 1 ab to 6 ab) (Figure 1 and 
Table 1). For Phase I reaction, only hydrolysis reaction was predicted to take 
place from ZEA, α-ZEL and β-ZEL, generating only one metabolite product, 
7z and 7 ab for ZEA and ZEA's metabolites, respectively. In summary a total 
of 12 compounds defined the metabolomic profile of ZEA, α-ZEL and β-ZEL 
(Figure 1 and Table 1). Coinciding with other studies, these reactions take place 
and generate these compounds; however, their effects are unknown; in fact, the 
use of these metabolite products as biomarkers have been found in the literature 
in biomonitoring studies (Lorenz et al., 2019; Follmann et al., 2016; Shephard et 
al., 2013; Wallin et al., 2015; Gerding et al., 2015) or directly detected in food 
and aromatic plants as masked mycotoxins (Berthiller et al., 2006, 2009; Mannani 
et al., 2019). However, an analysis of in silico prediction of toxic effects defined 
by the metabolomics profile is here the first time reported. EFSA has dealt in 





products coming from them (also reported as modified forms) might have 
effects (oestrogenic effect, genotoxicity, endocrine receptor, …) (EFSA, 2011 
and 2014) and contribute to the exposure evaluation but the uncertainty exists 
as there is a lack of data which entails difficulties in defining its toxic effects 
(EFSA et al., 2014, 2016, 2017). Not to mention the gap in effects of its mixtures 
or with other mycotoxins or contaminants. 
In silico analysis show that ZEA, α-ZEL and β-ZEL are poorly achieving 
the BBB, have good distribution and are highly favored to be absorbed 
gastrointestinally (Table 2). The interesting point noticed with the analysis of 
metabolites products of these mycotoxins, obtained from O-glucuronidation, S-
sulfation and hydrolysis reactions, is that these properties change inversely, 
especially for achieving the BBB (see values from Table 2, Table 3) from low 
values to high values. There are studies coinciding and others opposite to the 
results predicted in here when compared with those reported by in vitro and in 
vivo studies. For all three mycotoxins it has been reported a good 
gastrointestinal absorption (rapid and extensive) as well as the formation of 
metabolites from hydrolysis, sulfation and glurcuronidation (Biehl et al., 1993; 
Frizzell et al., 2015; Pfeiffer et al., 2011; Plasencia et al., 1991); in fact, several 
strategies and recommendations have been also considered for the entire risk 
assessment (EFSA 2017; Lorenz et al., 2019). Optimal gastrointestinal 
absorption predicted by Lipinsky RO5 is reported in Table 1 for the 
metabolomics profile. It also indicates that the probability of one compound to 
be absorbed orally is directly related to the ADMET and toxic effects. Only 
metabolites coming from O-glucuronidation were not following the Lipinsky's 





mycotoxins, and metabolites from S-sulfation and hydrolysis reactions did which 
indicates their good distribution. 
Toxic effects associated to compounds from metabolomics profile and 
mycotoxins seem to contribute one to another. Related to this, EFSA has 
indicated to assume the toxic effects of one compound as the sum of all 
metabolites coming from that compound (EFSA, 2011; Lorenz et al., 2019). 
Nonetheless, it is possible to analyze individual predictions in silico. The most 
common effect associated to ZEA as well as ZEA's metabolites is as endocrine 
disruptors with a ranking of oestrogenic potential effect established by EFSA as 
follows: α- ZEL > ZEN > β-ZEL (EFSA 2011). Besides this common and 
demonstrated toxic effect through in vitro and in vivo assays (EFSA 2017; Eze 
et al., 2019), other effects according to several parameters can be predicted 
(Figure 2A) as well as for its metabolite products (Figure 2B). According to the 
analysis of main effects predicted in silico for ZEA, α- ZEL, β-ZEL and its 
metabolite product defining the metabolomic profile, carcinogencity is the toxic 
effect predicted with high probability; however, IARC has classified ZEA (since 
1993) as Group 3 (not classifiable as to their carcinogenicity to humans) based 
on inadequate evidence in humans and limited evidence in experimental animals 
(IARC 1993); to mention different behave in mice and mouse with limited 
evidence reported. This explains the prediction described in Figure 2, which 
although carcinogenicity indicates high probability (80–90%), the evidence is not 
coinciding with assays carried out for evaluating such effect. This is not 
happening with other effects reported in Figure 2 which coincide with studies 
carried out either in vivo or in vitro (especially for ZEA as it is the most studied): 





rats (Becci et al., 1982), genotoxic (Ouanes et al., 2003, 2005; El-Makawy et al., 
2001). As mentioned before the prediction needs to be confirmed with further 
assays without forgetting that it is giving a valuable indication to start from. 
Cytochrome P450 (CYP450) is an enzymatic complex important as 
mechanism of defense by the organism when in contact with contaminants. Its 
main function is to metabolize the majority of toxic compounds through Phase 
I reactions. It is constituted by several isoforms to highlight the following as the 
most implicated in defense: CYP3A4, CYP2C9, CYP2C19, CYP1A1 and 
CYP1A2 (SwissADME). Expression of different isoforms occurs by exposure 
to contaminants as mycotoxins; which can act as inhibitors, inducers or 
substrates of this enzymatic complex. Results reported in Fig. 3 reveal that the 
highest predictions effects were for CYP3A4 (40–80%) (Figure 3D). When 
analyzing the action of mycotoxins, all three act as substrate, inducers and 
inhibitors ranging from 60% to 90%, from 21% to 38% and from 23% to 32%, 
respectively for isoforms CYP1A1 and CYP1A2 (Figure 3); while as substrate 
(62%–71%) and inducers (89%) for CYP3A4. Finally, for isoform CYP2C9, 
ZEA act as substrate and inducer and, α- ZEL and β-ZEL as substrate and 
inhibitor (Figure 3). For metabolite products, probabilities of action were 
marked for isoform CYP3A4. This isoform jointly CYP1A2 have been reported 
to play an important role in metabolism of ZEA in humans (Pfeiffer et al., 2009); 
while jointly with CYP2C8 denotes a high activation hydroxylation of ZEA 
(Bravin et al., 2009). In summary, different isoforms of CYP seem to contribute 
in the metabolization of all 15 compounds according to in silico prediction 
which coincides with the studies performed in vitro (Pfeiffer et al., 2009; Bravin 
et al., 2009); and more specifically with the isoform CYP3A4 which has the 





Apoptotic cell death has been studied for ZEA in vitro revealing that 
activation of caspase 3 and 8 occurs (Banjerdpongchai et al., 2020; Gazzah et al., 
2010; Othmen et al., 2008; Agahi et al., 2020 Zhu et al., 2012); as well as for α- 
ZEL and β-ZEL (Abid-Essefi et al., 2009). Nothing is known nor for its 
metabolite products defined in the metabolomics profile. Both caspases, 
implicated in the cascade activation for apoptotic cell death, have been predicted 
in silico as reported in Figure 4. Results for ZEA coincide with those reported 
in the literature in vitro denoting a major activation for caspase 3 than caspase-
8 (Barjerdpongchai et al., 2010). Among that, similar tendency was observed for 
all the other 14 compounds studied; and while O-glucuronidates present highest 
prediction of activation for both caspase-3 and 8 and all compounds, S-sulfation 
products from ZEA (3z and 4z) do not contribute to activation of cell death 
through caspase-8 (Figure 4B). The prediction presented in this work in cell 
death and the in vitro confirmation reported for ZEA, α- ZEL and β-ZEL reveal 
that the apoptosis pathway of cell death is contributed by its metabolite 
products, which are generated during its detoxification by Phase I and II 
reactions. 
5. Conclusions 
In conclusion, the results obtained in the present study indicate that 
toxicity of ZEA, α-ZEL and β-ZEL mycotoxins and their metabolomics’ profile 
can be predicted in silico. MetaTox was able to predict a total of 12 metabolites 
defining the metabolomics profile of each mycotoxin studied (5 from ZEA and 
7 from α-ZEL and β-ZEL). SwissADME permitted to analyze each compound 
by its physicochemical properties and predict the behave of each one according 





possible to assign a HMDB ID according to a score of similarity. Lastly, PASS 
online provided an entire prediction of all compounds based on its structural 
information reported in Pa values. The results indicate moderate to high 
absorption by the gastrointestinal tract, but unlikely to penetrate into the brain 
on its current form unless metabolized. Slightly better properties to reach blood 
brain barrier than initial mycotoxins were observed. Toxic effects associated for 
all compounds revealed that carcinogenicity reported the highest probability for 
all three mycotoxins followed by nephrotoxic > hepatotoxic > endocrine 
disruptor > mutagenic (AMES TEST) > genotoxic. Prediction of inhibition, 
induction and substrate function on different isoforms of Cytochrome P450 
varied for each compounds analyzed; similarly, for activation of caspases 3 and 
8. 
The metabolomics profile of ZEA, α-ZEL and β-ZEL analyzed by in silico 
programs (MetaTox, SwissADME and PASS online) predicts alteration of 
systems/pathways/mechanisms that ends up causing several toxic effects, giving 
an excellent sight and direct studies before starting in vitro or in vivo assays 
contributing to 3Rs principle by a reduction of animal testing. This innovative 
proposal in the field of computer toxicology helps (and opens a new window) 
to investigate the chemical risk assessment, a topic of great interest amongst 
researchers and safety authorities; nonetheless, it is necessary to continue 
developing and performing assays that confirm the predictions estimated to 
achieve solidest conclusions. 
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Beauvericin (BEA) and zearalenone derivatives, α-zearalenol (α-ZEL), and 
β-zearalenol (β-ZEL), are produced by several Fusarium species. Considering the 
impact of various mycotoxins on human's health, this study determined and 
evaluated the cytotoxic effect of individual, binary, and tertiary mycotoxin 
treatments consisting of α-ZEL, β-ZEL, and BEA at different concentrations 
over 24, 48, and 72 h on SH-SY5Y neuronal cells, by using the MTT assay (3-
(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazoliumbromide). Subsequently, the 
isobologram method was applied to elucidate if the mixtures produced 
synergism, antagonism, or additive effects. Ultimately, we determined the 
amount of mycotoxin recovered from the media after treatment using liquid 
chromatography coupled with electrospray ionization-quadrupole time-of-flight 
mass spectrometry (LC-ESI-qTOF-MS). The IC50 values detected at all assayed 
times ranged from 95 to 0.2 μM for the individual treatments. The result 
indicated that β-ZEL was the most cytotoxic mycotoxin when tested 
individually. The major effect detected for all combinations assayed was 
synergism. Among the combinations assayed, α-ZEL + β-ZEL + BEA and α-
ZEL + BEA presented the highest cytotoxic potential with respect to the IC 
value. At all assayed times, BEA was the mycotoxin recovered at the highest 
concentration in individual form, and β-ZEL + BEA was the combination 
recovered at the highest concentration. 
 









Mycotoxins represent one of the most important categories of biologically 
produced natural toxins with potential effects on human and animal health. The 
worldwide contamination by these natural products of food, feed, and 
environment, represents a health risk for animals and humans [1]. 
Several Fusarium species produce toxic substances of considerable concern 
to livestock and poultry producers. The mycotoxins beauvericin (BEA) and 
zearalenone (ZEA) and their derivatives (α-zearalenol (α-ZEL), β-zearalenol (β-
ZEL), zeranol, taleranol, and zearalanone) can be produced by several Fusarium 
species (mainly Fusarium graminearum, but also Fusarium culmorum, Fusarium cerealis, 
Fusarium equiseti, and Fusarium semitectum) that grow on crops in temperate and 
warm-climate zones [2]. These fungi are present in almost all continents, can 
grow under poor storage conditions, and mainly contaminate cereal grains, such 
as maize, wheat, oats, soybeans, and their derived food products [3,4]. 
It has been proved that ZEA and α-ZEL bind to human estrogen 
receptors and elicit permanent reproductive tract alterations, and consequently, 
chronical exposure to ZEA present contaminated food can be a cause of female 
reproductive changes as a result of its powerful estrogenic activity [5,6,7,8]. It 
has been also reported that ZEA induces genotoxic effects by induction of DNA 
adducts, DNA fragmentation, and apoptosis [9,10]. As reported by Dong et al. 
(2010) [5], metabolic conversion of ZEA mycotoxin to α-ZEL and β-ZEL was 
found in almost all tissues and occurred more efficiently to α-ZEL than to β-
ZEL; these mycotoxins are endocrine disruptors which affect steroid hormones 
such as progesterone [7]. In 2016, EFSA (European food Safety Authorities) 





and its modified forms and so that it would rather overestimate than 
underestimate any risk associated with exposure to modified ZEA [8]. Also, 
recent studies have indicated that ZEA is immunotoxic [4,11,12] and cytotoxic 
in various cell lines by inhibiting cell proliferation and increasing ROS (reactive 
oxygen species) generation [13,14,15]. 
On the other hand, BEA causes cytotoxic effects by reducing cell 
proliferation in a time- and concentration-dependent manner [16,17]. Moreover, 
it can increase ROS generation and lipid peroxidation and produces oxidative 
stress and depletion of antioxidant cellular mechanisms [14,18,19]. 
Neurotoxicological testing is mainly based on experimental animal 
models, but several cell lines and tissue culture models have been developed to 
study the mechanism of neurotoxicity. In general, cells of human origin are 
attractive alternatives to animal models for the exploration of toxicity to humans. 
Nonetheless, there are few studies about the effect of mycotoxins at the 
neuronal level [6,20,21,22]. 
Regarding the important role of the food industry in human health, 
studying the impact of mycotoxins and their combinations in feed and food 
commodities has gained attention over the last few years, due to the ability of 
most Fusarium spp. to simultaneously produce different mycotoxins [23,24,25]. 
Hence, EFSA has recently published a draft guidance document where a 
harmonized risk assessment methodology for combined exposure to multiple 
chemicals in all relevant areas is described [26]. 
Due to the importance of dietetic exposure to various mycotoxins and 
their impacts on human’s health, there is an increasing concern about the hazard 
of co-occurrence of mycotoxins produced by Fusarium and of co-exposure to 





individual mycotoxins; however, few studies have been dedicated to the 
toxicological interaction of mycotoxins when present in double and triple 
combinations on different cell lines [16,17,18,27,28,29]. 
The objective of the present study was to investigate the cytotoxicological 
interactions between α-ZEL, β-ZEL, and BEA mycotoxins in human 
neuroblastoma SH-SY5Y cells, via the MTT assay. The effects of combinations 
of two and three mycotoxins were evaluated by isobologram analysis [30] to 
determine whether their interaction was synergistic, additive, or antagonistic, as 
well as to understand how mycotoxins can act at the cellular level. 
 
2. Materials and methods 
2.1. Reagents 
The reagent-grade chemicals and cell culture components used, 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), fetal bovine serum 
(FBS), and phosphate-buffered saline (PBS) were supplied by Thermofisher, 
Gibco ™ (Paisley, UK). Methanol (MeOH, HPLC LS/MS grade), was obtained 
from VWR International (Fontenay-sous-Bois, France). Dimethyl sulfoxide was 
obtained from Fisher Scientific Co, Fisher BioReagnts ™ (Geel, Belgium). The 
compound (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
(MTT) for the MTT assay, penicillin, streptomycin, and Trypsin–EDTA were 
purchased from SigmaAldrich (St. Louis, MO, USA). Deionized water (<18, 
MΩcm resistivity) was obtained in the laboratory using a Milli-QSP® Reagent 
Water System (Millipore, Beadford, MA, USA). Standard BEA (MW: 783.95 
g/mol), α-ZEL, and β-ZEL (MW: 320.38 g/mol) were purchased from 





were prepared in MeOH (α-ZEL and β-ZEL) and DMSO (BEA) and 
maintained at −20 °C in the dark. The final concentration of either methanol or 
DMSO in the medium was ≤1% (v/v) as previously established. All other 
reagents were of standard laboratory grade. 
 
 
Figure 6. Chemical structures of the mycotoxins (a) α-ZEL, (b) β-ZEL, and (c) BEA. 
 
2.2. Cell culture 
The human neuroblastoma cell line SH-SY5Y was obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured 
in Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F-12), supplemented 
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells 
were sub-cultivated after trypsinization once or twice a week and suspended in 
complete medium in a 1:3 split ratio. The cells were maintained as monolayers 
in 150 cm2 cell culture flasks with filter screw caps (TPP, Trasadingen, 
Switzerland). Cell cultures were incubated at 37 °C, 5% CO2 atmosphere. 
 
2.3. Mycotoxin exposure 
Concentration of the mycotoxins and exposure time are two factors that 





BEA mycotoxins individually for 24, 48, and 72 h at a concentration in the 
ranges of 0.39 to 100 μM for α-ZEL and β-ZEL and 0.009 to 25 μM for BEA, 
all with 1:2 dilution (Table 3). Also, the mycotoxins were assayed in combination 
in the following mixtures: α-ZEL + BEA, β-ZEL + BEA, α-ZEL + β-ZEL, and 
α-ZEL + β-ZEL + BEA at three exposure times 24, 48, and 72 h. The 
concentrations ranged from 1.87 to 25 μM for the binary combinations were 
studied and from 3.43 to 27.5 μM for the tertiary combination, including four 
dilutions of each mycotoxin: BEA (0.31, 0.62, 1.25, and 2.5 μM), α-ZEL and β-
ZEL (1.56, 3.12, 6.25 and 12.5 μM) (Table 3). The dilution ratios of the 
concentrations for the binary combinations were 5:1 for α-ZEL + BEA and β-
ZEL + BEA, 1:1 for α-ZEL + β-ZEL, and 5:5:1 for the tertiary combination (β-
ZEL + α-ZEL + BEA) (Table 3). 
 
Table 3. Concentration range (μM) of mycotoxins studied individually and in 
combinations. The dilution ratios were 5:1 for the combinations α-ZEL + BEA and 
β-ZEL + BEA, 1:1 for α-ZEL + β-ZEL, and 5:5:1 for α-ZEL + β-ZEL + BEA. 
 
Combination tested Concentration range (μM) 
α-ZEL [0.39 – 100] 
β-ZEL [0.39 – 100] 
BEA [0.009 – 2.5] 
α-ZEL + BEA [1.56 – 12.5] + [0.31 – 2.5] 
β-ZEL + BEA [1.56 – 12.5] + [0.31 – 2.5] 
α-ZEL + β-ZEL [1.56 – 12.5] + [1.56 – 12.5] 








2.4. MTT assay 
Cytotoxicity was examined by the MTT assay, performed as described by 
Ruiz et al. (2006) [37], with few modifications. The assay consists in measuring 
the viability of cells by determining the reduction of the yellow soluble 
tetrazolium salt only in cells that are metabolically active via a mitochondrial 
reaction to an insoluble purple formazan crystal. Cells were seeded in 96-well 
culture plates at 2 × 106 cells/well and allowed to adhere for 18–24 h before 
mycotoxin additions. Serial dilutions of α-ZEL, β-ZEL, and BEA at 1:2 dilutions 
were prepared with supplemented medium and added to the respective plates 
(Table 3). Culture medium without mycotoxins and with 1% MeOH or DMSO 
was used as a control. After treatment, the medium was removed, and each well 
received 200 μL of fresh medium containing 50 μL of MTT solution (5 mg/mL; 
MTT powder dissolved in phosphate-buffered saline). After an incubation time 
of 4 h at 37 °C in the darkness, the MTT-containing medium was removed, and 
200 μL of DMSO and 25 μL of Sorensen’s solution were added to each well 
before reading the optical density at 620 nm with the ELISA plate reader 
Multiskan EX (Thermo Scientific, MA, USA). Each mycotoxin combination 
plus a control were tested in three independent experiments. Mean inhibition 
concentration (IC50) values were calculated from full dose–response curves. 
 
2.5. Experimental design and combination index 
The isobologram analysis (Chou–Talalay model) was used to determine 
the type of interaction (synergism, additive effect, and antagonism) that occurred 
when the mycotoxins studied were in combination. This model allows 
characterizing the interactions induced by combinations of mycotoxins in 





elucidation of the mechanisms by which these types of interaction are produced. 
The median effect/combination index (CI) isobologram equation by Chou 
(2006) [31] and Chou and Talalay (1984) [30] permitted analyzing drug 
combination effects. The isobologram analysis involves plotting the dose–effect 
curves for each compound and its combinations in multiple diluted 
concentrations. Parameters such as Dm (median effect dose), fa (fraction affected 
by concentration), and m (coefficient signifying the shape of the dose–effect 
relationship) are relevant in the equation [30]. Therefore, the method considers 
both potency (Dm) and shape (m) parameters. 
Chou and Talalay (1984) [30] introduced the term combination index (CI). 
CI values <1, =1, and >1 indicate synergism, additive effects, and antagonism 
of the combination, respectively. CalcuSyn software version 2.1. (Biosoft, 
Cambridge, UK, 1996–2007) was used to study the types of interactions assessed 
by the isobologram analysis. The IC25, IC50, IC75, and IC90 are the doses required 
to produce toxicity at 25%, 50%, 75%, and 90%, respectively. 
 
2.6. Extraction of α-ZEL, β-ZEL, and BEA from the culture media 
To determine the intracellular accumulation of the mycotoxins studied, an 
extraction procedure of the culture media was carried out following the method 
described by Juan-García et al. (2015 and 2016) [27,28], with several 
modifications. Briefly, 0.8 mL of culture medium was collected and transferred 
into a polypropylene tube, 1.5 mL of ethyl acetate was added, and the mixture 
was shaken for 2 min with an Ultra-Turrax Ika T18 basic (Staufen, Germany). 
Afterwards, the mixture as sonicated in an ultrasound cleaning bath (VWR, 





5 min at 22 °C (Centrifuge 5810R, Eppendorf, Germany). The supernatant 
phase was collected. The liquid–liquid extraction process was repeated three 
times. Finally, the total volume obtained (approx. 4.5 mL) was evaporated to 
dryness at 45 °C in an N2 stream with a TurboVap-LV (Zymark, Allschwil, 
Switzerland) and then re-dissolved in 0.25 mL of a mixture of methanol and 
water (70:30, v/v) by vortexing vigorously (15 s), before being transferred into 
a vial for LC–ESI–qTOF-MS injection. 
 
2.7. Determination of BEA, β-ZEL, and α-ZEL by LC–ESI–qTOF-
MS 
The analysis was performed using an LC–ESI–qTOF-MS system, 
consisting of an LC Agilent 1200-LC system (Agilent Technologies, Palo Alto, 
CA, USA) equipped with a vacuum degasser, an autosampler, and a binary 
pump. The columns were a Gemini NX-C18 column (150 × 2 mm, i.d. 3 μm, 
Phenomenex, Torrance, California) and a guard column C18 (4 × 2 mm, i.d. 3 
μM). 
Mobile phases consisted of milli-Q water with 0.1% of formic acid as 
solvent system A and acetonitrile and 0.1% of formic acid as solvent system B, 
with the following gradient elution: 3 min, 70% B; in 2 min 70–80% B; in 1 min 
get 90% of B, maintained 4 min; 90–100% B 4 min and maintained 2 min; in 2 
min decrease to 50% B; in 2 min 90% B, maintained 2 min. The flow rate used 
was 0.250 mL min−1, and the total run time was 22 min. The sample volume 
injected was 20 μL. 
MS analysis was carried out using a 6540 Agilent Ultra- High-Definition 
Accurate-Mass q-TOF-MS, equipped with an Agilent Dual Jet Stream 





ionization modes. Operation conditions were as follows: sheath gas temperature 
350 °C at a flow rate of 8 L/min, capillary voltage 3500 V, nebulizer pressure 45 
psig, drying gas 10 L/min, gas temperature 300 °C, skimmer voltage 65 V, 
octopole RF peak 750 V, and fragmentor voltage 130 V. Analyses were 
performed using AutoMS/MS mode with fixed collision energy (10, 20 and 30) 
and in mass range of 50–1700 m/z. Acquisition rate was 3 spectra/second. 
Acquisition data were processed with Agilent MassHunter Workstation 
software. 
2.8. Statistical analysis 
Statistical analysis of data was carried out using IBM SPSS Statistic version 
23.0 (SPSS, Chicago, Il, USA) statistical software package. Data are expressed as 
mean ± SD of three independent experiments. The statistical analysis of the 
results was performed by student’s T-test for paired samples. Difference 
between groups were analyzed statistically with ANOVA followed by the Tukey 
HDS post-hoc test for multiple comparisons. The level of p ≤ 0.05 was 
considered statistically significant. 
3. Results  
3.1. Cytotoxicity assay of individual and combined mycotoxins 
The cytotoxicity effects of α-ZEL, β-ZEL, and BEA mycotoxins on SH-
SY5Y cells were evaluated by the MTT assays over 24, 48, and 72 h. Figure 1 
shows the time- and concentration-dependent decrease in cell viability after 
exposure to each mycotoxin individually, while IC50 values are shown in Table 
1. After 24 h, the IC50 value could be calculated only for β-ZEL and was 94.3 ± 
2.0 µM; after 48 h of exposure, the IC50 values were 20.8 ± 0.5 µM for α-ZEL 





± 1.8 µM, 7.5 ± 1.2 µM. and 2.5 ± 0.2 µM for α-ZEL, β-ZEL, and BEA, 
respectively. According to the IC50 values obtained at 72 h, BEA showed the 
highest cytotoxic effect on SH-S5Y5 cells (Table 1). 
                        
 
       
Figure 1. Cytotoxicity of the mycotoxins α-ZEL (a), β-ZEL (b), and BEA (c) 
individually at 24 h, 48 h, and 72 h. All values are the results of three independent 
experiments with eight replicates and are expressed as mean ± SD; p ≤ 0.05 (*), p ≤ 






Table 1. Medium inhibitory concentration (IC50 ± SD) of α-zearalenol (α-ZEL), 
β-zearalenol (β-ZEL), and beauvericin (BEA) for SH-SY5Y cells after 24, 48, and 72 h 
of exposure, determined by the MTT assay. Three independent experiments were 
performed with eight replicates each. 
 IC50 (µM) ± SD  
Mycotoxin 24 h 48 h 72 h 
α-ZEL n.a 20.8 ± 0.5 14.0 ± 1.8 
β-ZEL 94.3 ± 2.0 9.1 ± 1.8 7.5 ± 1.2 
BEA n.a n.a 2.5 ± 0.2 
n.a: not available. 
 
The cytotoxic effect of binary and tertiary combinations of α-ZEL, β-
ZEL, and BEA on SH-SY5Y cells was evaluated by the MTT assays over 24, 48, 
and 72 h. The dose–response curves of the two- and three-mycotoxin 
combinations are shown in Figure 2 and Figure 3, which demonstrate higher 
cytotoxicity of the combinations compared with individual mycotoxin. Figure 2 
shows the concentration-dependent decrease in SH-SY5Y cell viability upon 
combined treatment with α-ZEL + BEA (5:1) (Figure 2a), β-ZEL + BEA (5:1) 
(Figure 2b), α-ZEL + β-ZEL (1:1) (Figure 2c); Figure 3 shows the results for α-
ZEL + β-ZEL + BEA (5:5:1). 
The α-ZEL + BEA combination at the highest concentration induced a 
decrease in cell proliferation at 24 h of exposure (Figure 2a) of 35% with respect 
to the effect α-ZEL tested individually and of 37% with respect to the effect 
BEA. After 48 h of exposure, the decrease in cell proliferation was 67% with 





BEA. After 72 h of exposure, the viability decreased 53% with respect to α-ZEL 
and 43% with respect to BEA. After 24 h of exposure, the β-ZEL + BEA 
combination (Figure 2b) decreased cell proliferation by about 55% and 29% at 
the highest concentration with respect to β-ZEL and BEA tested individually, 
respectively. After 48 h of exposure, the highest concentration of the 
combination reduced cell proliferation by 11% with respect to BEA tested 
individually. Also, at 72 h of exposure, the combination decreased cell 
proliferation by approximately 36% with respect to BEA individually tested. 
Such effect was not noticed after 48 and 72 h with respect to b-ZEL. In Figure 
2c, the α-ZEL + β-ZEL combination after 24 h of exposure showed 17% of 
decrease in cell proliferation compared to β-ZEL individually assayed. After 48 
and 72 h of exposure, the highest concentration of the combination reduced cell 
proliferation by 60% and 50%, respectively, compared to α-ZEL tested alone, 
whereas, this did not happen with respect to β-ZEL after 48 and 72 h of 
exposure. Figure 3 shows the dose–response curves for the tertiary combination 
of α-ZEL, β-ZEL, and BEA at 24, 48, and 72 h of exposure in SH-SY5Y cells. 
At 24 h of exposure, cell proliferation decreased by 16%, 44%, and 18% 
compared to cells exposed to α-ZEL, β-ZEL, and BEA alone. After 48 and 72 
h of exposure, a significant reduction in cell proliferation, corresponding to 57% 
and 51%, was observed with respect to α-ZEL alone, and a reduction of 26% 
and 41% was observed with respect to BEA alone, while such effect was not 

















Figure 2. Cytotoxicity of the mycotoxin combinations of α-ZEL + BEA (5:1) (a), β-ZEL + BEA (5:1) (b), and α-ZEL + β-ZEL (1:1) (c) 
at 24 h (a.1, b.1, and c.1), 48 h (a.2, b.2, and c.2) and 72 h (a.3, b.3, and c.3). All values are the results of three independent experiments 









Figure 3. Cytotoxicity of the mycotoxin combination of α-ZEL + β-ZEL + 
BEA (5:5:1) at 24 h (a), 48 h, (b) and 72 h (c). All values are the results of three 
independent experiments with eight replicates and are expressed as mean ± SD; p ≤ 
0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***). BEA: line and square; β-ZEL: line and diamond; 




The isobologram analysis was used to determine the type of interaction 
between α-ZEL, β-ZEL, and BEA. The values of the parameters Dm, m, and r 
of the double and triple combinations, as well as of the mean combination index 
(CI) are shown in Table 2. The IC50, IC75, and IC90 are the doses required to 
inhibit proliferation at 25%, 50%, 75%, and 90%, respectively. These CI values 
were calculated automatically by the computer software CalcuSyn. The CI 
fractional effect (fa) curves for α-ZEL, β-ZEL, and BEA combinations in SH-
SY5Y cells are shown in Figure 4. Synergism for all concentration of the α-ZEL 
+ BEA (5:1) mixture after 24 and 48 h of exposure was demonstrated; however, 
after 72 h of exposure, an additive effect for the α-ZEL + BEA combination 
was observed (Figure 4a, Table 2). The β-ZEL + BEA (5:1) mixture showed 
synergism after 24 h of exposure; however, after 48 and 72 h it showed 
antagonism at high concentrations and moderate synergism at low 
concentrations (Figure 4b, Table 2). The mixture of α-ZEL + β-ZEL showed 
antagonism after 24 h of exposure at all concentrations assayed but at 48 and 72 
h, it showed antagonism at high concentration and a moderate synergism at low 
concentration (Figure 4c, Table 2). The tertiary mixture, after 24 h of exposure, 
showed antagonism at high concentration and synergism at low concentration, 
while after 48 h, it showed synergism and after 72 h, antagonism at all 
concentrations assayed (Figure 4d, Table 2). 
Cytotoxicity after 24 h of incubation decreased in this order: α-ZEL + 
BEA > β-ZEL + BEA > α-ZEL + β-ZEL + BEA > α-ZEL + β-ZEL. After 
48 and 72 h of incubation, the ranking was α-ZEL + BEA > β-ZEL + BEA >α-






Table 2. The parameters Dm, m, and r are the antilog of x-intercept, the slope, and the linear correlation of the median-
effect plot, which means the shape of the dose–effect curve, the potency (IC50), and the conformity of the data to the 
mass action law, respectively [30,31]. Dm and m values are used for calculating the combination index (CI) value (CI < 
1, =1, and >1 indicate synergism (Syn), additive (Add) effect, and antagonism (Ant), respectively. IC50, IC75, and IC90 
are the doses required to inhibit proliferation at 50%, 75%, and 90%, respectively. CalcuSyn software automatically 







m r CI values    
CI50 CI75 CI90 
α-ZEL 24 66.10 1.36 0.9679       
 48 31.59 1.82 0.9726       
 72 15.24 2.02 0.9873       
β-ZEL 24 171.33 1.28 0.9709       
 48 12.46 1.26 0.9715       
 72 11.65 2.28 0.9464       
BEA 24 21.65 0.98 0.9763       
 48 3.68 1.24 0.9945       
 72 25.92 1.40 0.9805       
α-ZEL + BEA 24 3.05 1.36 0.9736 0.37 ± 0.33 Syn 0.34 ± 0.35 Syn 0.31 ± 0.38 Syn 
 48 1.16 1.56 0.9933 0.50 ± 0.24 Syn 0.47 ± 0.26 Syn 0.44 ± 0.29 Syn 
 72 1.34 1.54 0.94708 0.96 ± 0.86 Add 1.00 ± 0.51 Add 1.20 ± 1.30 Ant 
β-ZEL + BEA 24 3.78 1.20 0.9698 0.29 ± 0.19 Syn 0.26 ± 0.21 Syn 0.24 ± 0.24 Syn 
 48 4.81 3.04 0.7744 3.24 ± 0.42 Ant 1.94 ± 0.32 Ant 1.00 ± 0.14 Add 
 72 1.89 3.14 0.7585 1.35 ± 0.51 Ant 1.00 ± 0.12 Add 0.60 ± 0.52 Syn 
α-ZEL + β-ZEL 24 133.46 1.73 0.7782 2.80 ± 1.01 Ant 2.32 ± 0.51 Ant 1.92 ± 0.62 Ant 
 48 19.12 3.40 0.7782 2.14 ± 0.23 Ant 1.35 ± 0.18 Ant 0.30 ± 0.14 Syn 
 72 7.89 5.01 0.9409 2.60 ± 0.90 Ant 1.42 ± 0.63 Ant 0.45 ± 0.42 Syn 
α-ZEL + β-ZEL + BEA 24 3.74 3.14 0.9478 0.57 ± 0.30 Syn 0.32 ± 0.20 Syn 0.19 ± 0.14 Syn 
 48 0.01 0.43 0.7465 0.23 ± 0.06 Syn 0.15 ± 0.07 Syn 0.18 ± 0.10 Syn 







Figure 4. CI vs. fractional effect curve, as described by Chou and Talalay, for SH-SY5Y cells exposed to α-ZEL, β-ZEL, and 
BEA in binary and tertiary combinations. Each point represents the CI ± SD at a fractional effect as determined in our 
experiments. The line (CI = 1) indicates additivity, the area under this line indicates synergism, and the area above the line 
indicates antagonism. SH-SY5Y cells were exposed for 24, 48, and 72 h to α-ZEL + BEA and β-ZEL + BEA at a molar ratio 







3.2. α-ZEL, β-ZEL, and BEA present in cell medium after treatment 
in binary and tertiary combination 
The medium of SH-SY5Y cells containing α-ZEL, β-ZEL, and BEA after 
treatments (individual and combined after 24, 48, and 72h) was collected from 
each well. The amount of each mycotoxin remaining in the medium was 
calculated as a percentage with respect to the respective amount used in the 
exposure assays. In this sense, we determined whether the amounts were above 
or below 50% of those used for treatment (Figure 5). In individual exposures, 
the amounts of BEA and β-ZEL in the medium were below 50% at 48 and 72 
h (Figure 5b,c), while, at 24 h, their concentrations tended to be higher and 
>50% for both mycotoxins. For α-ZEL, the concentration in the medium was 
maintained above 50% at all times studied (Figure 5a). This evidenced that a 
lower amount of α-ZEL exerted the examined effect compared to the amount 
necessary for BEA and β-ZEL, as higher amounts of α-ZEL were detectable in 
the medium at all times and concentrations. 
In the binary combination α-ZEL + BEA (5:1), the amounts of each 
mycotoxin after 24 and 48 h were below 50% (Figure 5d.1,d.2), although the 
amount of BEA was higher than that of α-ZEL once the concentration assayed 
overpassed 0.62 µM for BEA and 3.12 µM for α-ZEL, revealing that the effects 
exerted by this mixture in neuroblastoma cells depended on both mycotoxins 
and were due more to α-ZEL than to BEA. This tendency at 72 h was more 
accentuated, as the amount of BEA in the medium was above 50% for all 






Figure 5. Percentage of α-ZEL, β-ZEL, and BEA remaining in the medium of SH-SY5Y cells after treatment for 24, 48, and 
72 h at different concentrations individually or in combination by LC–ESI–qTOF-MS. (a) α-ZEL; (b) β-ZEL; (c) BEA; (d) α-







Figure S1. Percentage of α-ZEL, β-ZEL, and BEA remaining in the medium of SH-SY5Y cells after treatment during 







Also, for the combination β-ZEL + BEA (5:1), the mycotoxin’s 
percentage remaining in the media was the same as that found for α-ZEL + 
BEA; however, β-ZEL was detected in higher amount than BEA in all scenarios, 
revealing that the effect of this mixture and was due more to BEA than to β-
ZEL (Supplementary Figure S1A). On the other hand, for the binary 
combination of ZEA metabolites, α-ZEL + β-ZEL (1:1), the amounts of 
mycotoxins recovered were below 50%, and slightly superior for α-ZEL than 
for β-ZEL. This revealed that both mycotoxins contributed to the effect of this 
mixture in SH-SY5Y cell line (Supplementary Figure S1B). For the tertiary 
combination (α-ZEL + β-ZEL + BEA, (5:5:1)), the mycotoxins’ percentages 
detected were also below 50% of the administered concentration, and this 
percentage was higher for higher concentrations administered and lower time of 
exposure (Figure 5e). This revealed that high amounts of α-ZEL and β-ZEL 
accessed the neuroblastoma cells, and the effect was due more to β-ZEL at 48 
and 72 h, according to the results in Figure 3 and Figure 5. 
4. Discussion 
Several studies have discussed the cytotoxic and an anti-proliferative effect 
of ZEA mycotoxin and its metabolites in various cell lines, such as Caco-2 [11], 
HepG2 cells [13], CHO-K1 cells [32], and SH-SY5Y [6], and hose of BEA 
mycotoxin in Caco-2 [14], CHO-K1 [19], and HepG2 cells [17]. However, there 
are no reports on the effect of ZEA metabolites and BEA in neuronal cells. In 
the present study, we proved the toxicity of ZEA metabolites (α-ZEL and β-
ZEL) and BEA in human neuroblastoma SH-SY5Y cells in relation to exposure 




According to the IC50 values of single mycotoxins, β-ZEL was the most 
cytotoxic mycotoxin compared to the other mycotoxins assayed individually, 
which is in accordance with Marin et al. (2019) [33] who studied the cytotoxicity 
of ZEA and its metabolites in HepG2 cells, individually and in double 
combinations. On the contrary, Tatay et al. (2014) [32] demonstrated that α-ZEL 
was the most cytotoxic among three mycotoxins tested (α-ZEL, β-ZEL, and 
ZEN) in CHO-K1 cells. Regarding to double combinations, it was revealed that 
presence of two mycotoxins increased the cytotoxic potential in SH-SY5Y cells, 
as shown by the lower IC50 values. According to Figure 2a, IC50 for α-ZEL and 
BEA was not reached in individual treatment however, binary combination α-
ZEL + BEA (5:1) inhibited cell proliferation from up to 50 to 90% for all times 
studied. For the β-ZEL + BEA (5:1) binary combination, as it can be observed 
in Figure 2b, the IC50 values at 48 and 72 h were lower than that of β-ZEL. This 
was also observed when β-ZEL was combined with α-ZEL, for which 
combination (α-ZEL + β-ZEL (1:1)), the IC50 value was the same as that found 
for β-ZEL alone. This result was not achieved by Tatay et al. (2014) [31] in 
CHO-K1 cells, although the mycotoxin concentrations studied in binary assays 
in that work were two times higher than the concentrations assayed in our study. 
The proliferation of CHO-K1 cells treated with the α-ZEL + β-ZEL mixture at 
the highest concentration decreased only by 20% with respect to the values 
found when each mycotoxin was tested alone. In addition, in that study, the 
IC50 value was never reached for binary mixtures, whereas in our study in SH-
SY5Y cells, after 48 and 72 h, the α-ZEL + β-ZEL combination inhibited cell 
proliferation up to 70% and 90%, respectively (Figure 2c). For the triple 
combination (α-ZEL + β-ZEL + BEA, (5:5:1)), cell proliferation inhibition was 





for β-ZEL + BEA after 48 and 72 h and for α-ZEL + β-ZEL after 48 h in SH-
SY5Y cells. This is in contrast with the results obtained for the tertiary 
combination of α-ZEL + β-ZEL + ZEA in CHO-K1 cells, as this combination 
was more cytotoxic than each mycotoxin tested alone [30]. 
As the co-occurrence of mycotoxins in food and feed is very common, 
some studies evaluated the toxicity and cytotoxicity of several mycotoxins, both 
individually and in combination, in different cell lines, using the isobologram 
model. In these experiments, HepG2 cells were exposed to ochratoxin A (OTA) 
and BEA [16], to double and triple combinations of alternariol, 3-acetyl-
deoxynivalenol, and 15-acetyl-deoxynivalenol [28], and to combinations of ZEA 
and OTA or α-ZEL (tested also individually) [33], CHO-K1 cells in vitro were 
used to examine the interactions between the mycotoxins beauvericin, 
deoxynivalenol (DON), and T-2 toxin [26] as well as the combination of BEA, 
patulin, and ZEA [17], whereas Caco-2 cells were exposed to DON, ZEN, and 
Aflatoxin B1 [34]. It is important to understand whether the interaction between 
mycotoxins shows synergism, additive effects, and/or antagonism concerning 
cell viability. 
In SH-SY5Y cells, almost all the combinations tested reduced cell viability 
more than the individual mycotoxins, except the β-ZEL + BEA (5:1), α-ZEL + 
β-ZEL (1:1), and α-ZEL + β-ZEL + BEA (5:5:1) combinations, for which the 
reduction in cell viability was not significantly different from that obtained when 
β-ZEL was assayed individually. According to Dong et al. (2010) [5], ZEA is 
degraded more efficiently to α-ZEL than to β-ZEL in almost all tissues, whereas 
it is converted more efficiently to β-ZEL than to α-ZEL in liver and lungs. Some 




whereas other studies found that α-ZEL is more cytotoxic [30,35]. Hence, there 
is a necessity to clarify the cytotoxicity of these two mycotoxins with studies of 
the toxicity mechanisms involved. 
The IC50 values obtained by the MTT assay and the amount of mycotoxin 
detected in the media by LC–ESI–qTOF-MS were determined and translated 
into percentage values as an attempt to calculate the amount of each mycotoxin 
involved in the cytotoxic effect and in the type of interaction effect. Hence, the 
percentage of mycotoxin present in the media was considered in accordance to 
the IC50 value obtained from the MTT assay (Table 1). The results showed that 
among the individual mycotoxins assayed, the amount of α-ZEL that remained 
in the culture medium was above 50% of the administered quantity at all times 
assayed (Figure 5a). This can be related to the effect in Figure 1a, which shows 
that the viability was above 100% for the doses reported in Figure 5. This can 
be justified by the chemical structure of this compound, which might impede its 
access in the cell. Our results suggest that the availability and capacity of the 
tested mycotoxins to get into cells were greater than those of α-ZEL, and as a 
consequence, the amounts of these mycotoxins detected in the media were lower 
than that of α-ZEL. To notice that the higher the amount of mycotoxin in the 
medium (at 24 h), the higher the cell viability, which might be related to the 
lower amount of mycotoxin affecting the live cells. On the contrary, BEA 
seemed to have easier access the cells, as its percentage in the medium was 
generally below 50%, but cell viability was maintained above 50% for the doses 
assayed, indicating the lower potential toxicity of BEA in SH-SY5Y cells 
compared to ZEA metabolites. In fact, among all three mycotoxins tested, BEA 





1c), highlighting again the mild toxic effect of BEA in SHY-SY5Y cells 
compared to ZEA metabolites. 
According to this and when analyzing combinations, the amounts of ZEA 
metabolites found in the medium were in most cases below BEA’s amounts, 
indicating easier access of these compounds in SH-SY5Y compared to BEA. In 
detail, for the α-ZEL + BEA combination (Figure 2a), it can be observed that 
the lower the amount of α-ZEL in the medium over time (Figure 5d), the lower 
the viability of SH-SY5Y cells, in particular at 72h. For triple mixtures, the 
cytotoxic effect was weaker at all times and for all mixtures compared with that 
of binary combinations; however, the amounts of each mycotoxin detected were 
all below 50%, and the cytotoxic effect seemed to be bearable for SH-SY5Y cells 
for doses administered in the first and second mixture but not for those of the 
third mixture (6.25 + 6.26 + 1.25) µM (α-ZEL + β-ZEL + BEA, 5:5:1), 
specifically at 48 and 72 h. We suggest that cytotoxicity is due to the stimulation 
of different biochemical mechanisms that, after a certain level of stimulation, 
cannot be controlled and cause cell death. Therefore, it is necessary to study in 
detail the mechanisms of action implicated in the cytotoxic effects that occur 
when several mycotoxins are present in the same food or diet. 
5. Conclusion 
In conclusion, the treatment with β-ZEL alone presented the highest 
cytotoxicological potency compared to treatments with the other mycotoxins 
assayed (α-ZEL and BEA). The main type of interaction detected between 
mycotoxins for all combinations assayed was synergism. The potential 
interaction effects between combinations in this study are difficult to explain 




combination were found more in favor of synergic effect respect to CI value, 
compared with other combinations, which could be related to the concentration 
range studied, ratio in each mixture, exposure time assayed and cell line studied. 
Moreover, among all mycotoxins assayed, α-ZEL appeared to remain in the 
culture medium and was less able to get into SH-SY5Y cells compared to BEA 
and β-ZEL. In combinations, such effect was observed for BEA reaching the 
highest in α-ZEL + BEA. 
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treatment during 24, 48, and 72 h at different concentrations and combinations 
by LC–ESI–qTOF-MS. (A) β-ZEL+ BEA and (B) α-ZEL + β-ZEL. 
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The co-presence of mycotoxins from fungi of the genus Fusarium is a 
common fact in raw food and food products, as trace levels of them or their 
metabolites can be detected, unless safety practices during manufacturing are 
carried out. Zearalenone (ZEA), its metabolites α-zearalenol (α-ZEL) and β-
zearalenol (β-ZEL) and, beauvericin (BEA) are co/present in cereals, fruits or 
their products which is a mixture that consumer are exposed and never evaluated 
in neuronal cells. In this study the role of oxidative stress and intracellular 
defense systems was assessed by evaluating reactive oxygen species (ROS) 
generation and glutathione (GSH) ratio activity in a human neuroblastoma cell 
line, SH-SY5Y cells, treated individually and combined with α-ZEL, β-ZEL and 
BEA. It was further examined the expression of genes involved in cell apoptosis 
(CASP3, BAX, BCL2) and receptors of (endogenous or exogenous) estrogens 
(ERβ and GPER1), by RT-PCR in those same conditions. These results 
demonstrated elevated ROS levels in combinations where α-ZEL was involved 
(2.8- to 8-fold compared to control); however, no significant difference in ROS 
levels were detected when single mycotoxin was tested. Also, the results revealed 
a significant increase in GSH/GSSG ratio at all concentrations after 24 h. 
Expression levels of CASP3 and BAX were up regulated by α-ZEL while 
CASP3 and BCL2 were down regulated by β-ZEL, revealing how ZEA´s 
metabolites can induce the expression of cell apoptosis genes. However, BEA 
down-regulated the expression of BCL2. Moreover, β-ZEL + BEA was the only 
combination treatment which was able to down regulate the levels of cell 
apoptosis gene expression. Relying to our findings, α-ZEL, β-ZEL and BEA, 
induce injury in SH-SY5Y cells elevating oxidative stress levels, disturbing the 
antioxidant activity role of glutathione system and finally, causing disorder in the 
expressions and activities of the related apoptotic cell death genes. 
 








Mycotoxins are low-molecular-weight toxic compounds synthetized by 
different types of molds belonging mainly to the genera Aspergillus, Penicillium, 
Fusarium and Alternaria (Berthiller et al., 2013). The management of the Fusarium 
phytopathogens has been proven to be difficult due to their high genetic 
variability and broad host specificity (Ploetz et al., 2015). Mycotoxin-producing 
Fusarium species are major pathogens in cereals like wheat, oats, barley, and 
maize (Nganje et al., 2004; Stanciu et al., 2017a; Juan et al., 2017a, 2017b, 2017b; 
Oueslati et al., 2020). 
Among the Fusarium mycotoxins, one of the primarily concerned is 
zearalenone (ZEA), commonly found in cereals like barley, sorghum, oats, 
wheat, millet, and rice. (Stanciu et al., 2017a; Bakker et al., 2018; Perincherry et 
al., 2019; Oueslati et al., 2020). The two major metabolites of ZEA are α-
zearalenol (α-ZEL) and β-zearalenol (β-ZEL) which are metabolized in various 
tissues, particularly in the liver (Fig. 1) (EFSA, 2011 and 2017). There are various 
studies which have determined the effects of ZEA and its metabolites both in 
vivo and in vitro to characterize their estrogenic effect (Hueza et al., 2014; Tatay 
et al., 2017a; Zheng et al., 2019). It is also reported that they exert harmful health 
effect via decreasing fertility, increased fetal resorption, and changes in the 
weight of endocrine glands and serum hormone levels. However, exposure to 
these mycotoxins are not only limited to their estrogenic effect, but other 
mechanisms such as oxidative stress, cytotoxicity and DNA damages might be 
important mediators involved in their toxicity (Abid et al., 2009; Tatay et al., 





Figure 1. Chemical structures of the mycotoxins: α-ZEL and β-ZEL, BEA. 
On the other hand, beauvericin (BEA) also belongs to Fusarium species 
and can cause cytotoxic effects by reducing cell proliferation in time and in 
concentration dependent manner according to recent publications (Zouaoui et 
al., 2016; Juan-García et al., 2019a). Moreover, it can increase ROS generation, 
lipid peroxidation and produce oxidative stress and depletion of antioxidant 
cellular mechanisms (Ferrer et al., 2009; Prosperini et al., 2013; Mallebrera et al., 
2014; Manyes et al., 2018; Juan-García et al., 2019b; and 2020). 
Since, in the real scenario, more than one mycotoxin can exist in food 
products, we dedicated our previous study to investigate the cytotoxic effect of 
co-presence of all three mentioned compounds on undifferentiated human 
neuroblastoma cell line (SH-SY5Y cells) and observed how they interfere with 
the normal functioning of cell proliferation (Agahi et al., 2020). According on 
our findings, the major effect detected in all combinations was synergism, and 
the highest cytotoxicity was observed when three mycotoxins were presented 
together. Therefore, there was a clear need for more comprehensive and reliable 
toxicology data to determine the reasons which lead to cytotoxicity and 
reduction of cell proliferation. 
Undifferentiated SH-SY5Y cells endogenously express estrogen receptors 





regulate gene transcription (Ding et al., 2019). The potential of ZEA´s 
metabolites in such direction plus mixtures with BEA add insights in elucidating 
that effect and not only through the most susceptible cells (Ventakarama et al., 
2014). BEA reaches the blood brain barrier (BBB) if it passes to the systemic 
circulation and hence, it is capable of exerting central nervous system effects as 
demonstrated in a recent in vitro study of BBB transport (with homogenates of 
mouse brain) (Taevernier et al., 2016). Mycotoxins of the same family (enniatin 
B and B1) in a porcine BBB model using different cell lines demonstrated to 
reach the brain parenchyma, highlighting the neurotoxic effect of these 
mycotoxins (Krug et al., 2018). SH-SY5Y seems to be a good model for studying 
in vitro effects at neuronal level. A bottleneck is the dose of exposure to study 
because of the low concentrations of α-ZEL and β-ZEL found in plasma and 
urine (Föllmann et al., 2016; Shephard et al., 2013; Wallin et al., 2015); so that, 
to get a good evaluation of toxic effect in vitro, the dose of exposure must be 
higher than those reported in circulation. In fact, some experiment performed 
to the BBB transport in vivo in mice used non-real exposure routes 
(intravenously and intracerebroventriculary) to ensure its experiments 
(Taevernier et al., 2016) as well as for bioavailability and toxicokinetic studies in 
pigs (Catteuw et al., 2019). 
Cells have cellular protection mechanisms against biological reactive 
intermediates, xenobiotics (including mycotoxins) and metabolic products. 
When there is an imbalance between the production of oxidizing molecular 
species or ROS and the co-presence of cellular antioxidant agents in favor of the 
pro-oxidants, it can initiate events that contribute to production of oxidative 




al., 2007; Tatay et al., 2016; Juan-García et al., 2019b; and 2020). Moreover, the 
reduced glutathione (GSH)/glutathione disulfide (GSSG) redox couple is an 
important marker of oxidative stress due to its antioxidative role and high 
concentrations in cells. 
In accordance with several studies, it has been shown that ZEA and its 
metabolites are generally hypothesized to mimic estrogen-like actions and 
compete with estrogens in binding to estrogen receptors (ERs) which is 
including the classical estrogen receptor alpha (ERα), estrogen receptor beta 
(ERβ) and G protein-coupled estrogen receptor (GPER1); these mycotoxins 
also decreased follicle stimulant hormone (FSH) synthesis and secretion through 
non-classical estrogen membrane receptor GPR30 which it is also called GPER1 
(He et al., 2018; Kuiper-Goodman et al., 1987). Due to the structural similarity 
of these compounds to the endogenous estrogens (Parveen et al., 2009), their 
ability to activate the ERs leading to transcription of estrogen-responsive genes 
is a keypoint in this report. 
Moreover, the Bcl-2 family members are involved in the regulation of 
apoptosis by either inhibiting or promoting apoptosis (Martin et al., 1995). Other 
proteins, including the caspase family, play an additional role in the apoptotic 
process (Zamai et al., 1996). Several mycotoxins are able to activate caspases and 
Bcl-2 family by triggering the apoptosis-inducing factor from the mitochondria. 
Accumulating evidence has indicated that ZEA induce apoptosis in bovine 
mammary epithelial cells via CASP3, BAX, BCL2 genes (Fu et al., 2019); also in 
porcine granulosa cells via the caspase-3- and caspase-9-dependent 





Hence, the objective of this study was to evaluate the effects of α-ZEL, β-
ZEL and BEA, mycotoxins on production of reactive oxygen species (ROS) by 
using the H2-DCFDA probe on undifferentiated human neuroblastoma cell line 
(SH-SY5Y) during 120 min. It was also studied the GSH/GSSG ratio in these 
cells affected by all three mycotoxins individually and in combination. Because 
of the association of ZEA as endocrine disruptor, the expression of genes that 
code for estrogen receptors (ER2 (specifically ERβ) and GPER1) by all three 
mycotoxins were examined. Furthermore, to obtain more insight into the factors 
playing a role in the apoptotic process, and since there are few studies about the 
ability of ZEA derivates and BEA on cell apoptosis, individually or in two or 
three combinations, the relative mRNA expression levels of CASP3, BAX and 
BCL2 were evaluated in SH-SY5Y cell line, through RT-PCR. 
2. Materials and methods 
2.1. Reagents 
The reagent grade chemicals and cell culture components used, 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), fetal bovine serum 
(FBS) and phosphate buffer saline (PBS) were supplied by Thermofisher, Gibco 
™ (Paisley, UK). Methanol (MeOH, HPLC LS/MS grade), was obtained from 
VWR International (Fontenay-sous-Bois, France). Dimethyl sulfoxide was 
obtained from Fisher Scientific Co, Fisher BioReagnts ™ (Geel, Belgium). [3- 
(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide] (MTT) for MTT 
assay, penicillin, streptomycin, and Trypsin–EDTA was purchased from 
SigmaAldrich (St. Louis, MO, USA). Deionized water (<18, MΩcm resistivity) 




(Millipore, Beadford, MA, USA). The standard of BEA (MW: 783.95 g/mol), α-
ZEL and β-ZEL (MW: 320,38 g/mol) were purchased from SigmaAldrich (St. 
Louis Mo. USA). Stock solutions of mycotoxins were prepared in MeOH (α-
ZEL and β-ZEL) and DMSO (BEA) and maintained at −20 °C in the dark. The 
final concentration of either MeOH or DMSO in the medium was ≤1% (v/v) 
as per established. All other standards were of standard laboratory grade. 
2.2. Cell culture 
Human neuroblastoma cell line, SH-SY5Y, was obtained from American 
Type Culture Collection (ATCC, Manassas, VA, USA), and cultured in 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 
streptomycin. The cells were sub-cultivated after trypsinization once or twice a 
week and suspended in complete medium in a 1:3 split ratio. Cells were 
maintained as monolayer in 150 cm2 cell culture flasks with filter screw caps 
(TPP, Trasadingen, Switzerland). Cell cultures were incubated at 37 °C, 5% CO2 
atmosphere. 
2.3. Intracellular ROS generation 
Early intracellular ROS production was monitored in SH-SY5Y cells by 
using the H2-DCFDA probe. DCFH-DA is taken up by the cells, and then 
deacetylated by intracellular esterase’s and the resulting H2-DCFDA is oxidized 
by ROS to the highly fluorescent DCF. Briefly, 2 × 104 cells/well were seeded 
in a 96-well black culture microplate. After reaching confluence, cells were 
loaded with 20 μM H2-DCFDA in fresh medium for 20 min. Subsequently, H2-





ZEL and β-ZEL (25, 12.5, 6.25 and 3.12 μM), and BEA (2.5, 1.25, 0.78 and 0.39 
μM) as an individual treatment. Afterwards, they were assayed in combination 
through the following mixtures: α-ZEL + BEA, β-ZEL + BEA, α-ZEL + β-
ZEL and α-ZEL + β-ZEL + BEA with concentrations ranged from 25 to 1.87 
μM for binary combinations, and from 27.5 to 3.43 μM for tertiary combination. 
The dilution ratio of concentration ranges in binary combinations was (1:1) for 
α-ZEL + β-ZEL, (5:1) for α-ZEL + BEA and β-ZEL + BEA, and (5:5:1) in 
tertiary combinations (α-ZEL + β-ZEL + BEA) (Table 1). 
Table 1. Sequence of the specific primers used in the analysis of the expression. 
Gene Symbol Forward (5’ - 3’) Reverse (5’ - 3’) 




GPER1 CTCAGCGGACAAAGGATCAC ACTTCAGCGAATCTCACTCC 
 
Data of single and combination treatments were obtained by considering 
the cytotoxicity assays for ZEA metabolites and BEA reported in our previous 
study (Agahi et al., 2020). 
Increases in fluorescence were measured on a Perkin Elmer Wallac 1420 
VICTOR2™ Multilabel Counter (Turku, Finland), at intervals up to 2 h at 
excitation/emission wavelengths of 485/535 nm, respectively. Results are 
expressed as increase in fluorescence in respect to control (untreated cells). 




2.4. GSH determination 
Determination of GSH and GSSG was assayed according to Maran et al 
(2009). Briefly, 7 × 105 cells/well were seeded in six-well plates. Once the cells 
reached 90% confluence, the culture medium was replaced with fresh medium 
containing different concentrations of: α-ZEL and β-ZEL (1.56, 3.12, 6.25 and 
12.5 μM) BEA (0.31, 0.62, 1.25, and 2.5 μM), individually and in combination 
for 24 and 48 h of incubation. Afterwards, the medium was removed, and cells 
were washed with PBS and then homogenized in 0.25 ml of 20 mM Tris and 
0.1% Triton. 
For GSH determination, 10 μL of each homogenized cell sample was 
placed in 96 well black tissue culture plate, with 200 μL GSH buffer (pH 8.0) 
and 10 μL of OPT solution, mixed and incubated in darkness at room 
temperature for 15 min. For GSSG determination, 25 μL of each homogenized 
cell sample and 25 μL NEM (N-ethylmaleimide, 0.005 g/mL in deionized water) 
were placed in a 1.5 ml eppendorf, mixed and incubated at room temperature 
for 20 min. Afterwards, 50 μL of NaOH 0.1 N were added to achieve the correct 
pH to develop the GSSG assay. 10 μL of the mixture prepared was placed with 
200 μL NaOH 1 N and 10 μL of the OPT (O-phthalaldehyde, 0.001 g/mL of 
in MeOH) solution in 96 well black tissue culture plate, mixed and incubated in 
darkness at room temperature for 15 min. 
Concentrations of GSH and GSSG (prepared in plates described above) 
were determined using the microplate reader Wallace Victor2, model 1420 
multilabel counter (Perkin Elmer, Turku, Finland) with excitation and emission 





expressed in μg/mg proteins. Determinations were performed in two 
independent experiments with 4 replicates each. 
2.5. Gene expression assay by RT-PCR 
The real-time polymerase chain reaction (RT-PCR) was applied to do the 
gene expression assay on SH-SY5Y cells, which were counted and placed (7 × 
105 cells/well) in 6-well tissue culture plates. After 24 h, the cells were exposed 
individually to α-ZEL (12.5 and 25 μM), β-ZEL (12.5 and 25 μM), and BEA (2.5 
μM). In addition, the potential effects were evaluated using the following 
mixtures: α-ZEL + β-ZEL (12.5μM), α-ZEL + BEA (12.5 + 2.5μM), β-ZEL + 
BEA (12.5 + 2.5μM) and α-ZEL + β-ZEL + BEA (12.5 + 12.5 + 2.5μM), 
employing DMSO (1%) as vehicle control. 
Total RNA was isolated from cell samples using the ReliaPrep™ RNA 
Cell Miniprep System kit (Promega, Madison, WI, USA) following the 
manufacturers’ instructions. The RNA concentration was measured using a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, USA), 
and its purity was evaluated by the absorbance ratios A260/A280 and 
A260/A230. Agarose gel electrophoresis (1.0%) was used to verify the RNA 
integrity (Alvarez-Álvarez-Ortega et al., 2017). Subsequently, the cDNA was 
synthesized from 500 ng of mRNA extracted using the TaqMan reverse 
transcription reagents kit (Applied Biosystems, Foster City, CA, USA) (Escrivá 
et al., 2019). 
RT-PCR procedure was carried out as described previously by Álvarez-




performed and monitored using a StepOne Plus thermocycler (Applied 
Biosystems, Foster City, CA, USA). The reactions were performed in MicroAmp 
optical 96-well reaction plates (Applied Biosystems). Each 10 μL reaction 
mixture contained 5 μL of template cDNA, 5 μL of PowerUp SYBR Green 
Master Mix (Thermo Fisher Scientific Inc.), and 3 μL of forward and reverse 
primers (2.5 μM). In total, 5 genes were analyzed, the expression of three genes 
involved in cell apoptosis (CASP3, BAX, BCL2) and two genes that code for 
estrogen receptors (ER2 (specifically ERβ) and GPER1) (Table 1). Changes in 
gene expression were determined using 18S as the reference gene 
(housekeeping), and the comparative delta delta CT (ΔΔCT) method was utilized 
to estimate the relative mRNA amount of the target genes. Three experiments 
with two replicates were carried out. All experiments were run by duplicates and 
negative controls contained no cDNA. 
2.6. Statistical analysis 
Statistical analysis of data was carried out using IBM SPSS Statistic version 
23.0 (SPSS, Chicago, Il, USA) statistical software package and GraphPad Prism 
8.0 (GraphPad Prisma Software, Inc., San Diego, USA). Data were expressed as 
mean ± SD of three independent experiments. The statistical analysis of the 
results was performed by student's T-test for paired samples. Difference 
between groups were analyzed statistically with ANOVA followed by the Tukey 
HDS post hoc test for multiple comparisons. The level of p ≤ 0.05 was 






3.1. Intracellular ROS generation of individual and combined 
mycotoxins 
Changes in ROS generation inside SH-SY5Y cells in response to α-ZEL, 
β-ZEL and BEA (individually and in combinations) were determined. The 
production of ROS was determined by DCFH-DA assay. A treatment with all 
mycotoxins alone revealed a moderate change of ROS generation respect to the 
initial time (Figure 2).  
 
 
Figure 2. Time dependence of ROS-induced fluorescence in SH-SY5Y cells 
exposed to α-ZEL (A), β-ZEL (B) and BEA (C), for 120 min at several concentrations 
(μM). Results are expressed as mean ± SEM (n = 3). (*) Represents significant 
differences (p ≤ 0.05) versus control. 
According to α-ZEL tested alone, at 25 μM there is slight increase from 5 




≤ 0.05) (Figure 2A). For individual test of β-ZEL, there is total decrease for 12.5 
μM from 5 to 90 min and in addition, at 25 μM after 15 and 30 min and from 
60 to 120 min it can be observed a moderate decrease compared to their control 
(p ≤ 0.05) (Figure 2B). Finally, for BEA, there is a slight decrease at 1.25 and 2.5 
μM, from 45 to 120 min respect to control (p ≤ 0.05) (Figure 2C). 
The mycotoxin mixture of α-ZEL + BEA increased ROS generation 
compared with control, after 45 and 120 min, at [1.56 + 0.31] μM (p ≤ 0.05), 
while a gradual decrease at [6.25 + 1.25] μM and [12.5 + 2.5] μM at all times was 
obtained (p ≤ 0.05) (Figure 3A). For a combination of β-ZEL + BEA, a decrease 
of ROS generation with respect to control was observed (Figure 3B) at [6.25 + 
1.25] μM and [12.5 + 2.5] μM after 15 to 120 min (p ≤ 0.05). For α-ZEL + β-
ZEL, a statistically significant increase in ROS with respect to the control was 
obtained at the highest concentration assayed [12.5 + 12.5] μM from 15 to 120 
min (p ≤ 0.05), additionally, for [6.25 + 6.25] μM from 15 to 90 min (Fig. 3C). 
For the mixture containing all three compounds [α-ZEL + β-ZEL + BEA], as 
can be seen in Figure 3, at [6.25 + 6.25 + 1.25] μM after 15 min and from 45 to 
120 min (p ≤ 0.05), decrease ROS generation slightly, also, at highest 
concentration [12.5 + 12.5 + 2.5] μM from 45 to 120 min (p ≤ 0.05), there is a 







Figure 3. Time dependence of ROS-induced fluorescence in SH-SY5Y cells 




and α-ZEL+β-ZEL + BEA (D) for 120 min at several concentrations (μM). Results are 
expressed as mean ± SEM (n = 3). (*) Represents significant differences (p ≤ 0.05) 
versus control. 
 
3.2. GSH determination 
The alteration on GSH, GSSG and GSH/GSSG ratio was measured 
after 24 and 48 h of exposure to α-ZEL, β-ZEL (1.56, 3.12, 6.25 and 12.5 μM) 
and BEA (0.31, 0.62, 1.25, and 2.5 μM), individually and in combination in SH-






Figure 4. Effect of zearalenone metabolites α-ZEL (A) and β-ZEL (B) (1.56, 
3.12, 6.25 and 12.5 μM) and BEA (C) (0.39, 0.78, 1.25 and 2.5 μM) on the GSH/GSSG 
ratio after 24 h and 48 h of exposure. Data are expressed as mean values ± SEM of two 
independent experiments with 4 replicates each. *p ≤ 0.05 indicates a significant 




                 
              
Figure 5. Effect of mycotoxins mixtures α-ZEL + BEA (A), β-ZEL + BEA (B), 
α-ZEL + β-ZEL (C), and α-ZEL + β-ZEL + BEA (D) on the GSH/GSSG ratio after 
24 h and 48 h of exposure. Data are expressed as mean values ± SEM of two 
independent experiments with 4 replicates each. *p ≤ 0.05 indicates a significant 
difference from the respective control (fresh medium). 
 
In individual treatments, as shown in Figure 4, GSH/GSSG ratio 
significantly increased after 24 h in cells exposed to mycotoxins in fresh medium 
at all concentrations from 111% to 148%, from 68% to 131% and from 103% 
to 142% for α-ZEL (Figure 4A), β-ZEL (Figure 4B) and BEA (Figure 4C), 
respectively. However, after 48 h of exposure, GSH/GSSG ratio had a 
significant increase only after β-ZEL exposure of 12.5 μM by 37% and for the 





On the other hand, in combination treatments, GSH/GSSG ratio 
(Figure 5) showed a significant increase in all cases for binary and tertiary 
mixtures respect to their controls; accordingly, from concentrations tested, 
percentages reached went from 102% to 157% for α-ZEL + BEA (Figure 5A), 
from 102% to125% for α-ZEL + β-ZEL (Figure 5C) and sequently, for β-ZEL 
+ BEA binary combination it was observed a considerable increase in all 
concentrations assayed (from 81% to 127%) except for the lowest concentration 
assayed [1.56 + 0.31] μM) (Figure 5B). Ultimately, in tertiary mixture 
GSH/GSSG ratio raised from 95% to 128% for the lowest and the highest 
concentration respect to control cells after 24 h of exposure (Figure 5D). 
After 48 h, in combination treatments GSH/GSSG ratio was not 
affected by any treatment except for binary mixtures α-ZEL + BEA (Figure 5A) 
and α-ZEL + β-ZEL (Figure 5C) in their respective lowest concentrations 
assayed ([1.56 + 031] μM and [1.56 + 1.56] μM) which increased significantly (p 
≤ 0.05) by 61% and 46%, respectively and respect to their control. 
3.3. Gene expression assay in individual and combination 
Findings in gene expression assay demonstrate that among all 
mycotoxins assayed individually. Compared to vehicle control, mRNA of 
CASP3 and BAX mRNA were significantly overexpressed (up to 1.5-fold 
compared to the reference gene (18S)) for α-ZEL at concentrations of 12.5 and 
25 μM (p ≤ 0.05) (Figure 6A). On the other hand, β-ZEL up-regulated ERβ 
mRNA significantly up to 2.7-fold at 12.5 μM while down-regulated expression 




only BCL2 mRNA significantly while it was not able to induce the expression 
of other studied genes (Figure 6C). 
 
 
Figure 6. Gene expression patterns of CASP3, BAX, BCL, ERβ and GPER1 
under different treatments in SH-SY5Y during 24 h by qRT-PCR. (A) for α-ZEL 
treatment, (B) for β-ZEL treatment and (C) for BEA treatment. CASP3, BAX and Bcl2 
are marker gene for cell apoptosis and ERβ and GPER1 are markers of estrogen 
receptors. Three experiments with two replicates were carried out. Error bars represent 
standard deviations. Asterisks indicate significant (p < 0.05) differences in treated plants 
compared to mock-treated plants or to the time point before treatment. 
 
Among all combination treatments, β-ZEL + BEA was able to up-
regulate the expression of all genes involved in cell apoptosis up to 1.5-fold 
(Figure 7). Also, the expression of BCL2 mRNA down-regulated significantly 






Figure 7. Gene expression patterns of CASP3, BAX, BCL, ERβ and GPER1 
under different combination treatments in SH-SY5Y during 24 h by qRT-PCR. CASP3, 
BAX and BCL are marker gene for cell apoptosis and ERβ and GPER1 are markers of 
estrogen receptors. Three experiments with two replicates were carried out. Error bars 
represent standard deviations. Asterisks indicate significant (p < 0.05) differences in 
treated plants compared to mock-treated plants or to the time point before treatment. 
 
4. Discussion 
Oxidative stress induced by mycotoxins has been explained by their 
ability to provoke generation of ROS in most of the cases. ZEA´s metabolites 
and BEA are known to be a common contaminant of important cereal and 
cereal-based products, such as corn, rice, wheat, barley and oats, throughout the 
world (Bertero et al., 2018); however, there are limited studies to demonstrate 
the effects of these mycotoxins on cells cytotoxicity according to their 
relationship on different factors such as oxidative stress and regulation of gene 
expression, individually and in combination (Ferrer et al., 2009; Tatay et al., 2016, 
2017b; Marin et al., 2019; Fu et al., 2019). 
In a previous study conducted in our laboratory, ZEA´s metabolites (α-




it was observed that all caused cytotoxic effect on SH-SY5Y cells (Agahi et al., 
2020). Accordingly, the present study aimed to determine the mechanism 
whereby α-ZEL, β-ZEL and BEA induce oxidative stress in the same cell line 
and its possible effect on alteration of GSH and GSSG levels. Also, to evaluate 
the effects of these three mycotoxins on expression of cell apoptosis and genes 
that code for estrogen receptors. 
ZEA and its derivatives are known to be potent inducers of ROS in 
mammalian systems (Ben-Salem et al., 2015; Tatay et al., 2017b; Ben-Salem et 
al., 2017), also the studies of Ferrer et al. (2009), Prosperini et al. (2013) and 
Mallebrera et al. (2014) showed elevated level of ROS production by BEA when 
exposed to different cell lines (CHO-K1 and Caco-2 cells). Regarding to our 
results obtained from evaluating ROS generation, elevated ROS levels in 
combinations where α-ZEL was involved, were observed with increases of 2.8- 
to 8-fold compared to control (Figure 3), coinciding with that obtained by Tatay 
et al. (2017b) on HepG2 cells that α-ZEL was the major contributor to ROS 
production. However, no significant difference in ROS levels were detected 
when each mycotoxins was tested alone (Figure 2). 
On the other hand, opposite to results previously published for SH-
SY5Y cells, HepG2 cells and CHO-K1 cells (Venkataramana et al., 2014; 
Zingales et al., 2020; Tatay et al., 2016, 2017b) it was not observed any 
relationship between increasing time or concentration and the amount of ROS 
production in cells. The increased ROS generation in cells exposed to ZEA´s 
metabolites and BEA could be a consequent contribution to cell injury or 
oxidative stress. When the disruption occurred between the balance of 





antioxidant enzymes play their major role which is protecting cells from 
oxidative stress and damage. Regarding this fact, the first non-enzymatic 
antioxidant defense system in cells is GSH which plays a basic role in binding 
with ROS. Hence, with considering that the levels of GSH determine the balance 
in the antioxidant defense system, the impact on cellular GSH content present 
in two redox form (glutathione reduced (GSH) and glutathione disulfide 
(GSSG)), was evaluated after 24 h and 48 h in SH-SY5Y cells for α-ZEL, β-ZEL 
and BEA individually and combined, as all three have toxicological interest due 
to their potential to cause oxidative stress and damage (Figure 2 and Figure 3). 
The obtained data suggested that α-ZEL, β-ZEL and BEA, in individual 
and combination treatment after 24 h had induced GSH/GSSG in the SH-SY5Y 
cells, since the ratio was significantly elevated (Figure 4 and Figure 5); whereas, 
after 48 h of exposure the same result was only observed for α-ZEL + BEA and 
α-ZEL + β-ZEL combination at the lowest concentration assayed (Figure 5). 
The contrary effect was obtained by Zingales et al. (2020) when exposed to 
sterigmatocystin in the same cell line (SH-SY5Y cells), by depleting the 
GSH/GSSG ratio at the highest concentrations assayed. 
Due to the increase in ROS levels and alteration in GSH/GSSG ratio, it 
was examined if such effects could be altering in SH-SY5Y cells the expression 
of genes involved in cell damage as apoptosis-related genes (CASP3, BAX, 
BCL2) and genes that code for estrogen receptors (ERβ and GPER1). 
According to the OECD (Organization for Economic Cooperation and 
Development) EDTA (Endocrine Disrupter Testing and Assessment) meeting 




functioning of the endocrine system but for which information about possible 
adverse consequences of that alteration in an intact organism is uncertain 
(Organisation for Economic Co-operation and Development (OECD, 2011). In 
the light of this fact, the research carried out by Ranzenigo et al. (2008) and 
Frizzell et al. (2011) had shown that ZEA and its metabolites, α-ZEL and β-
ZEL, act as potential endocrine disruptors by interfering with nuclear receptor 
signaling and also by altering hormone production. Moreover, Le Guevel and 
Pakdel, 2001 have shown that ZEA and its derivates can exert their estrogenic 
effects through their ability to bind to the estrogen receptor (ER) since the 
expression of ERβ mRNA in SH-SY5Y cells has been shown in other studies 
(Bang et al., 2004; Grassi et al., 2013; Xiao et al., 2013). Hence, we examined 
GPER1 and ERβ. In our study as it is indicated in Figure 6 and Figure 7, among 
all three mycotoxins assayed in individual and combination forms, only β-ZEL 
up-regulated the expression of ERβ mRNA significantly up to 2.7-fold at 12.5 
μM compared to the reference gene (18S); while for GPER1, any significant 
regulation was observed (Figure 6B). 
Studies have shown that the BCL2 and BAX pathways are involved in 
ZEA-induced apoptosis in primary rat cells (Li et al., 2011); also, the caspase 
family of proteins plays an important role in the initiation of apoptosis, of which 
caspase-3 is the primary initiator (Riedl and Salvesen, 2007). Nevertheless, there 
are no sufficient data about the two major metabolites of ZEA (α-ZEL and β-
ZEL), since it is proved that it breaks down into their main metabolites during 
phase I metabolism (Metzler et al., 2010). The results of our study for individual 
treatments demonstrated that, while α-ZEL up-regulated the expression of cell 
apoptosis genes (Figure 6A), β-ZEL shows an adverse effect which was down-





expression of BCL2 significantly (Figure 6C). Moreover, as it can be observed 
in Fig. 7, β-ZEL + BEA was the only combination that elevated the expression 
of cell apoptosis genes. 
Then α-ZEL presented effect on gene expression, either cell apoptosis 
and estrogen receptors. However, in the combination, β-ZEL + BEA at [12.5 + 
2.5] μM it was up-regulated the expression of all five studied gene expression 
involved in cell apoptosis (CASP3, BAX, BCL2) and estrogen receptors (ERβ 
and GPER1). 
5. Conclusion 
In conclusion, the results obtained in the present study indicate that α-
ZEL, β-ZEL and BEA mycotoxins in SH-SY5Y cells, enhanced the oxidative 
damage by increasing ROS generation and GSH/GSSG ratio. In accordance to 
our findings, α-ZEL is more likely to induce oxidative stress in both individual 
and combination studies, also, this mycotoxin was found to be the most effective 
factor to enhance GSH/GSSG ratio in individual treatment and when it was 
involved in α-ZEL + BEA combination, which this can have consequences on 
initiation of oxidative damage. Regarding to expression genes effect, it is an 
unexplored area to investigate the endocrine-disruptive and cell apoptosis effects 
by up/down-regulation of implicated genes on SH-SY5Y cells exposed to 
mycotoxins and presented here for the first time. Our results show that β-ZEL 
might be considered a mycotoxin that induces apoptotic effect, individually and 
in combination while this happens for α-ZEL in individual exposure in SH-




effects in more developed and complex cell systems closer to human or animal 
body exposed to α-ZEL, β-ZEL and BEA so that further studies are necessary. 
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Beauvericin (BEA), α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL), are 
produced by several Fusarium species that contaminate cereal grains. These 
mycotoxins can cause cytotoxicity and neurotoxicity in various cell lines and they 
are also capable of produce oxidative stress at molecular level. However, 
mammalian cells are equipped with a protective endogenous antioxidant system 
formed by no-enzymatic antioxidant and enzymatic protective systems such as 
glutathione peroxidase (GPx), glutathione S-transferase (GST), catalase (CAT) 
and superoxide dismutase (SOD).  The aim of this study was evaluating the 
effects of α-ZEL, β-ZEL and BEA, on enzymatic GPx, GST, CAT and SOD 
activity in human neuroblastoma cells using the SH-SY5Y cell line, over 24h and 
48h with different treatments at the following concentration range: from 1.56 to 
12.5 μM for α-ZEL and β-ZEL, from 0.39 to 2.5 μM for BEA, from 1.87 to 25 
µM for binary combinations and from 3.43 to 27.5 μM for tertiary combination.  
SH-SY5Y cells exposed to α-ZEL, β-ZEL and BEA revealed an overall increase 
in the activity of i) GPx, after 24 h of exposure up to 24-fold in individual 
treatments and 15-fold in binary combination; ii) GST after 24 h of exposure up 
to 10-fold (only in combination forms), and iii) SOD up to 3.5- and 5-fold in 
individual and combined treatment, respectively after 48 h of exposure. On the 
other hand, CAT activity decreased significantly in all treatments up to 92% after 
24 h except for β-ZEL + BEA, which revealed the opposite.   
 






1. Introduction  
Many species of Fusarium produce a variety of mycotoxins which are 
widely distributed in nature and have serious health impacts in both humans and 
animals (Darwish et al, 2014; Dweba et al, 2017). The mycotoxins beauvericin 
(BEA) and zearalenone´s (ZEA) derivatives (α-zearalenol (α-ZEL) and β-
zearalenol (β-ZEL)), are produced mainly by Fusarium species in agricultural 
crops and can be co-present in the same foodstuffs, feed or in the diet (Oueslati 
et al., 2020). ZEA is one of the most common mycotoxins in Europe produced 
by fungi, which has a great agro-economic importance (Wei et al, 2020; 
Bocianowski et al, 2020). The major pathway for ZEA biotransformation by 
animals is based on hydroxylation resulting in the formation of α-ZEL and β-
ZEL, presumably catalyzed by 3 α- and 3β-hydroxysteroid dehydrogenases 
(Olsen et al, 1981) which will follow a metabolization process with different 
effects as recently predicted in silico (Agahi et al., 2020c). This conversion has 
been shown to occur in the liver of various species (Malekinejad et al., 2006a) 
and in various cells, such as bovine and porcine granulosa cells (Malekinejad et 
al., 2006b), rat erythrocytes (Chang and Lin, 1984), the intestinal mucosa of 
swine (Biehl et al., 1993) and human intestinal Caco-2 cells (Pfeiffer et al., 2011, 
Videmann et al., 2008, 2009). Devreese et al., (2015) have also demonstrated that 
both α-ZEL and β-ZEL were absorbed equally after intravenous administration 
of ZEA in broiler chickens, laying hens, and turkey poults; whereas an increased 
biotransformation to β-ZEL was demonstrated after oral administration 
(Devreese et al., 2015). Beside this, it has been demonstrated that ZEA, α-ZEL 
and β-ZEL impaired cell proliferation, steroid production, and gene expression 




importantly, it has been proved that α-ZEL and β-ZEL have a higher capacity 
to induce oxidative stress and damage in HepG2 cells than ZEA itself (Tatay et 
al, 2017).  Brodehl et al. (2014) also showed that α-ZEL was 10-fold higher 
estrogenic than the parent ZEA, and in other study almost 500-fold stronger in 
comparison to ZEA, while β-ZEL was 16 times lower than ZEA (Drzymala et 
al., 2015; Molina-Molina et al., 2014). Moreover, in our previous study on SH-
SY5Y cells reactive oxygen species (ROS) levels were higher in those 
combinations where α-ZEL was involved (2.8- to 8-fold compared to control) 
(Agahi et al., 2020b). Whereas when cytotoxicity of ZEA’s metabolites were 
studied individually on the same cells line, it was shown that β-ZEL was more 
cytotoxic compared to α-ZEL (Agahi et al., 2020b). However, there isn´t 
information about combinations of these both metabolites jointly other 
mycotoxins that can be present in the same foodstuff. 
Regarding beauvericin (BEA), it is characterized by allowing flux of 
cations on channel cells, (Kouri et al., 2003; Ojcius et al., 1991), thereby 
increasing the intracellular Ca2+ which can ultimately activate several biological 
pathways leading to cell death. Additionally, BEA was demonstrated to reduce 
calcium retention in isolated mitochondria (Tonshin et al., 2010). Ca2+ influx 
across the plasma membrane activate mitochondrial permeability transition pore 
opening and collapse the mitochondrial membrane potential. Moreover, BEA 
reduced cell viability and induced cytotoxic effects in different human cell lines 
which has been demonstrated through various in vitro studies (Prosperini et al, 
2013; Mallebrera et al, 2014; Juan-García, 2019a and 2019b; Agahi et al, 2020b). 
Also, features characteristic of necrosis and apoptosis were observed in BEA-
treated cells (Agahi et al, 2020a; Manyes et al, 2018; Prosperini et al, 2013; Klarić 





On the other hand, all organisms with a well-developed central nervous 
system have a blood–brain barrier (BBB) which is created by the endothelial cells 
that form the walls of the capillaries in the brain and spinal cord of humans 
(Abbott et al, 2005). It has been shown that BBB function as a protective barrier 
from neurotoxic substances circulating in the blood which maybe endogenous 
metabolites or proteins, or xenobiotics ingested in the diet or acquired from the 
environment. It has been proved by various studies that Fusarium mycotoxins 
are capable to cross the BBB and cause neuronal cell death (Taevernier et al, 
2016; Behrens et al, 2015; Krug et al, 2018). However, there are limited studies 
about the effects of ZEA´s derivates and BEA mycotoxins on BBB doses of 
which are studied here in vitro with an undifferentiated human neuroblastome 
cell line, SH-SY5Y. SH-SY5Y is a cell line commonly used as neuronal model 
(Xicoy et al., 2017). The implications or evidences of these mycotoxins in trigger 
brain disorders in humans still remains unclear; while for other mycotoxins as 
tremortoxins neurotoxic effects in animals have been reported (Reddy et al., 
2019). 
As it is known, oxidative stress is the answer of disbalance between the 
production of ROS and a biological system's ability to detoxify or repair the 
resulting damage, which potentially can cause lipid peroxidation, degradation of 
cytosolic proteins and damage to DNA, which ultimately may lead to cell death 
(Dinu et al., 2011; Tatay et al., 2017). Furthermore, excite-toxicity and oxidative 
stress may cause neuronal cell degeneration and death (Gandhi and Abramov, 
2012). Oxidative stress generates negative effects in neurons and astrocytes, a 
phenomenon that has been associated with the progression of different 




(Albarracin et al., 2012). More recently, there are wide number of studies 
evidencing on the effects of oxidative stress damage caused by mycotoxins on 
different cell lines (Juan-García et al, 2020; Taroncher et al, 2020; Zingales et al., 
2020, Tatay et al, 2016). 
Considering this fact, enzymatic antioxidant function is to compensate the 
elevated ROS levels as well as non-enzymatic antioxidant system. However, 
depletion of these defense elements further promotes oxidative stress. In 
previous study we investigated the effects of α-ZEL, β-ZEL and BEA, 
mycotoxins on production of ROS on SH-SY5Y cell line (Agahi et al., 2020a). 
Hence, in the light of this, we further set out the present study to evaluate the 
enzymatic protective system in the same undifferentiated human neuroblastoma 
cell line, SH-SY5Y. As mentioned above it has been widely used as a cell model 
for the pathogenesis studies of neurotoxicity (Cai et al., 2020; Sirin et al., 2020; 
Lawana et al., 2020; Kim et al., 2020). Due to the lack of information in ZEA´s 
metabolites jointly other mycotoxins that can be present in the same foodstuffs, 
SH-SY5Y have been exposed to α-ZEL, β-ZEL and BEA (both individually and 
combined exposures) establishing the first time to figure out the effect in 
antioxidant enzymes activities including glutathione peroxidase (GPX), 
glutathione transferase (GST), catalase (CAT), and superoxide dismutase (SOD) 
and its implications. 
2. Material and methods 
2.1. Reagents 
The reagent grade chemicals and cell culture components used, 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), fetal bovine serum 





™ (Paisley, UK). Methanol (MeOH, HPLC LS/MS grade), was obtained from 
VWR International (Fontenay-sous-Bois, France). Dimethyl sulfoxide (DMSO) 
was obtained from Fisher Scientific Co, Fisher BioReagnts ™ (Geel, Belgium).  
Deionized water (<18, MΩcm resistivity) was obtained in the laboratory using a 
Milli-QSP® Reagent Water System (Millipore, Beadford, MA, USA). Penicillin, 
streptomycin, and Trypsin–EDTA, β –nicotinamide adenine dinucleotide 
phosphate (β-NADPH), sodium azide (NaN3), glutathione reductase (GR), o-
phtaldialdehyde (OPT), N-ethylmaleimide (NEM), t-
octylphenoxypolyethoxyethanol (Triton-X 100), 1-chloro-2,4-dinitrobenzene 
(CDNB), ethylenediaminetetraacetic acid (EDTA), 
tris(hydroxymethyl)aminomethane (Tris), 4′,6-diamidine-2′-phenylindole 
dihydrochloride (DAPI), H2O2 and the standard of BEA (MW: 783.95 g/mol), α-
ZEL and β-ZEL (MW: 320,38 g/mol) were purchased from SigmaAldrich (St. 
Louis Mo. USA). Stock solutions of mycotoxins were prepared in MeOH (α-
ZEL and β-ZEL) and DMSO (BEA) and maintained at −20 °C in the dark. The 
final concentration of either MeOH or DMSO in the medium was ≤1% (v/v) 
as per established. All other standards were of standard laboratory grade. 
2.2. Cell culture  
Human neuroblastoma cell line, SH-SY5Y, was obtained from American 
Type Culture Collection (ATCC, Manassas, VA, USA), and cultured in 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 
streptomycin. The cells were sub-cultivated after trypsinization once or twice a 
week and suspended in complete medium in a 1:3 split ratio. Cells were 




(TPP, Trasadingen, Switzerland). Cell cultures were incubated at 37°C, 5% CO2 
atmosphere. 
2.3. Determination of enzymatic activities 
To determine the scavenging procedures in SH-SY5Y, cells got exposed 
to α-ZEL and β-ZEL (12.5, 6.25, 3.12 and 1.56 μM), and BEA (2.5, 1.25, 0.78 
and 0.39 μM) for individual treatment. Afterwards, they were assayed in 
combination through the following mixtures: α-ZEL + BEA, β-ZEL + BEA, α-
ZEL + β-ZEL and α-ZEL + β-ZEL + BEA with concentrations ranged from 
25 to 1.87 μM for binary combinations, and from 27.5 to 3.43 μM for tertiary 
combination. The dilution ratio of concentration ranges in binary combinations 
was (1:1) for α-ZEL + β-ZEL, (5:1) for α-ZEL + BEA and β-ZEL + BEA, and 
(5:5:1) in tertiary combinations (α-ZEL + β-ZEL + BEA) 
For these assays, 7 × 105 cells/well were seeded in six-well plates. After 
cells achieved the 90% confluence, cells were treated with α-ZEL and β-ZEL 
and BEA at the concentrations above detailed for 24 h and 48h. Then, the 
medium was removed, and cells were homogenized in 0.1 M phosphate buffer 
pH 7.5 containing 2 mM EDTA to a final volume of 0.5 mL. Aliquotes for each 
enzyme activity assay were prepared by disposing 125 μl in individual 
Eppendorfs. 
2.3.1. Glutathione peroxidase activity 
The glutathione peroxidase (GPx) activity was assayed 
spectrophotometrically using H2O2 as substrate for Se-dependent peroxidase 
activity of GPx by following oxidation of NADPH during the first 5 min in a 





volume, the reaction mixture contained 500 μl of 0.1 M phosphate buffer, pH 
7.5 with 4 mM NaN3 and 2 mM EDTA, 100 μl of 20 mM GSH, 250 μl of 
ultrapure water, 2 U freshly prepared GR, 20 μl of 10 mM NADPH and 50 μl of 
5 mM H2O2. 50 µL of homogenized cell sample was added to the reaction 
mixture. One unit of GPx will reduce 1 μmol of GSSG per min at pH 7.5. The 
GPx enzymatic activity was calculated by using a molar absorptivity of NADPH 
(6.22 mM−1 cm−1) and expressed as μmol of NADPH oxidized/min/mg of 
protein. Assays were conducted at 25 °C in a thermocirculator of PerkinElmer 
UV/vis spectrometer Lambda 2 version 5.1. The absorbance was measured at 
340 nm. 
2.3.2. Glutathione S-transferase activity 
The glutathione S-transferase (GST) activity was determined by following 
the conjugation of GSH with 1-chloro-2,4-dinitrobenzene (CDNB) during 
5 min, according to the method of Maran et al., (2009). The reaction mixture 
contained in a final volume of 1 ml: 825 μl of 0.1 M Na/K phosphate buffer at 
pH 6.5, 100 μl of 20 mM GSH, 25 μl of 50 mM CDNB dissolved in ethanol and 
50 μl of homogenized cell sample. The GST activity was expressed as mol of 
product formed/min/mg of protein using a molar absorptivity of CDNB 
(9.6 mM−1 cm−1). Enzymatic activity was assayed in a thermocirculator of 
PerkinElmer UV/vis spectrometer Lambda 2 version 5.1. The absorbance was 
measured at 340 nm. 




The catalase (CAT) activity was measured according to Ueda et al., (1990). 
Briefly, 100 μl of homogenized cell sample was mixed with 500 μl of 0.5 M 
potassium phosphate buffer at pH 7.2 and 400 μl of 40 mM H2O2. The rate of 
enzymatic decomposition of H2O2 was determined as absorbance decrements at 
240 nm for 3 min at 30 °C with a spectrophotometer (Super Aquarius CECIL 
9500 CE). The CAT activity was calculated by using the molar absorptivity of 
H2O2 (43.6 mM−1 cm−1) and expressed as μmol H2O2/min/mg of protein. 
2.3.4. Superoxide dismutase activity 
The superoxide dismutase (SOD) activity was determined using the 
Ransod kit (Randox Laboratories, United Kingdom) adapted for 1.5 ml cuvettes. 
The SOD destroys the free radical superoxide by converting it to peroxide. The 
SOD activity was monitored at 505 nm during 3 min at 37 °C with a 
spectrophotometer (PerkinElmer UV/Vis Lambda 2 version 5.1). The SOD 
results were expressed as units of SOD per mg protein. All the enzyme 
determinations were performed in duplicate. 
2.6. Statistical analysis 
Statistical analysis of data was carried out using IBM SPSS Statistic version 
23.0 (SPSS, Chicago, Il, USA) statistical software package and GraphPad Prism 
8.0 (GraphPad Software, Inc., San Diego, USA). Data were expressed as mean 
± SD of three independent experiments. The statistical analysis of the results 
was performed by student's T-test for paired samples. Difference between 
groups were analyzed statistically with ANOVA followed by the Tukey HDS 
post hoc test for multiple comparisons. The level of p ≤ 0.05 was considered 






The GPx, GST, CAT and SOD activities measured in undifferentiated 
SH-SY5Y cells after 24 h and 48 h of incubation with α-ZEL, β-ZEL and BEA 
in individual and in combination form, are presented in Figures from 1 to 5. 
Results of enzymes are expressed in folds and correspond to the number of 
times that increase or decrease respect to untreated cells (control). 
3.1. Enzymatic activity of GPx 
As shown in Figures 1A and 1B the GPx activity in SH-SY5Y cells 
exposed to α-ZEL and β-ZEL, increased significantly at all concentrations 
assayed only after 24 h compared to control. Increases went by 13.5- to 23-fold 
for α-ZEL and 9- to 17-fold for β-ZEL. This increase was observed after both 
24 h and 48 h of exposure at all concentrations in cells exposed to BEA from 9- 
to 17-fold and from 2- to 9-fold after 24h and 48 h, respectively (Figure 1C). 
Similarly, for all binary treatments the level of GPx activity increased 
significantly after 24 h of exposure, for α-ZEL + BEA at all concentrations 
assayed from 7.6- to 14.5-fold (Figure 1D)., for β-ZEL + BEA at all 
concentrations assayed from 4.7- to 10.3-fold (Figure 1E); and for α-ZEL + β-
ZEL at all concentrations except at the lowest one from 2.5- to 7.8-fold 
compared to unexposed cells (Figure 1F). In contrary, the GPx activity in cells 
exposed to tertiary mixture of α-ZEL + β-ZEL + BEA an increase after 48 h of 
exposure at all concentrations assayed from 1- to 6-fold compared to control 
was observed (Figure 5A). In summary, it was observed higher GPx activity in 
individual exposure than in combinations which could be due to the low 
concentration level of ROS activity when cells were treated with mycotoxins 







Figure 1. Effect of α-ZEL (A), β-ZEL (B) and BEA (C), α-ZEL + BEA (D), β-ZEL + BEA (E), and α-ZEL + β-ZEL 
+ BEA (F) on glutathione peroxidase (GPx) activity after 24 h and 48 h of exposure in SH-SY5Y cells. Data are expressed 
in % of the unexposed control. The GPx activity is expressed as μmol of NADPH oxidized/min/mg of protein; 






3.2. Enzymatic activity of GST 
Results for GST activity are described in percentage for individual 
treatments and compared to untreated cells (control). This enzyme activity 
increased significantly after 48 h of exposure in SH-SY5Y cells exposed to β-
ZEL at 3.12 and 12.5 μM by 22% and 102%, respectively (Figure 2B). Similarly, 
this happened after being exposed to BEA to doses above 0.78 μM for 48 h of 
exposure by 4% to 32% (Figure 2C). 
In combination treatments, GST activity increased significantly after 24 h 
of exposure to α-ZEL + BEA at [1.56 + 0.39] μM, [6.25 + 1.25] μM and [12.5 
+ 2.5] μM from 5.6- to 8- fold compared to control (Figure 2D), also after 48 h 
of exposure a notable increase at [6.25 + 1.25] was observed (Figure 2D). For 
β-ZEL + BEA, a significant increase at [6.25 + 1.25] μM and [12.5 + 2.5] μM 
by 4- and 3- fold compared to untreated cells was observed after 24 h of 
exposure (Figure 2E). As shown in Figure 2F, GST activity in SH-SY5Y cells 
exposed to α-ZEL + β-ZEL, increased significantly at all concentrations assayed 
up to 8.8-fold after 24 h of exposure compared to control. For tertiary mixture, 
α-ZEL + β-ZEL + BEA, GST activity in SH-SY5Y cells increased significantly 








Figure 2. Effect of α-ZEL (A), β-ZEL (B), BEA (C), α-ZEL + BEA (D), β-ZEL + BEA (E) and α-ZEL + β-ZEL (F) 
on glutathione S-transferase (GST) activity after 24 h and 48 h of exposure in SH-SY5Y cells. Data are expressed in % of 
the unexposed control. The GST activity is expressed as mol of product formed/min/mg of protein; mean ± SEM (n = 






3.3. Enzymatic activity of CAT 
The CAT activity increased significantly in SH-SY5Y cells exposed to α-
ZEL and β-ZEL only after 48 h of exposure (from 0.4 to 1.4-fold for α-ZEL 
and 1 to 4.2-fold for β-ZEL) at all concentrations assayed (Figure 3A and 3B); 
while this was not observed when cells were exposed to BEA mycotoxin (Figure 
3C). 
For combination treatments, it was observed a significant increase mostly 
after 48 h of exposure except for β-ZEL + BEA. Accordingly, in cells exposed 
to α-ZEL + BEA, at [3.12 + 0.78] μM and [12.5 + 2.5] μM, by 2.1- and 1.5-fold 
respectively (Figure 3D). for α-ZEL + β-ZEL at [1.56 + 0.39] μM, [6.25 + 1.25] 
μM and [12.5 + 2.5] μM from 0.8- to 3.5- fold (Figure 3F), and for tertiary 
mixture at lowest concentration assayed ([1.56 + 1.5 + 0.39] μM by 0.6-fold 
(Figure 5C), while for β-ZEL + BEA, this happened after 24 of exposure at all 
concentrations assayed from 0.6- to 3.2- folds, except when cells were exposed 






Figure 3. Effect of α-ZEL (A), β-ZEL (B), BEA (C), α-ZEL + BEA (D), β-ZEL + BEA (E) and α-ZEL + β-ZEL (F) 
on catalase (CAT) activity after 24 h and 48 h of exposure in SH-SY5Y cells. Data are expressed in % of the unexposed 
control. The CAT activity is expressed as μmol H2O2 /min/mg of protein; mean ± SEM (n = 3). *p ≤ 0.05 indicates a 






3.4. Enzymatic activity of SOD 
As shown in Figure 4, SOD activity increased significantly after being 
exposed to all treatments individually and in combination only after 48 h of 
exposure at all concentrations assayed. Accordingly, for α-ZEL up to 1.4-fold 
(Figure 4A), for β-ZEL up to 2.5-fold (Figure 4B), for BEA up to 1-fold (Figure 
4C), and in binary and tertiary treatments, for α-ZEL + BEA from 2.7- to 3.3- 
fold (Figure 4D), for  β-ZEL + BEA from 2- to 4- fold (Figure 4E), for α-ZEL 
+ β-ZEL a minor increase up to 1-fold (Figure 4F), and ultimately for α-ZEL + 
β-ZEL + BEA, from 1- to 2.5- fold in comparison to untreated cells (Figure 
5D). Therefore, as a result, binary combinations of α-ZEL + BEA and β-ZEL 






Figure 4. Effect of α-ZEL (A), β-ZEL (B) and BEA (C) on superoxidase dismutase (SOD) activity after 24 h and 48 h 
of exposure in SH-SY5Y cells. Data are expressed in % of the unexposed control. The SOD activity is expressed as 










Figure 5. Effect of α-ZEL + β-ZEL + BEA on glutathione peroxidase (GPx) 
(A), glutathione peroxidase (GPx) (B), catalase (CAT) (C) and superoxidase dismutase 
(SOD) (D) activity after 24 h and 48 h of exposure in SH-SY5Y cells. Data are expressed 
in % of the unexposed control. The GPx activity is expressed as μmol of NADPH 
oxidized/min/mg of protein; mean ± SEM (n = 3). *p ≤ 0.05 indicates a significant 
difference from the respective solvent control. 
4. Discussion  
The study of α-ZEL, β-ZEL and BEA individually and combined for SH-
SY5Y cells in enzyme activity for GPx, GST, CAT and SOD are here for the 
first time presented; however, in these same conditions oxidative stress and 
glutathione levels in our laboratory had been studied (Agahi et al., 2020a). So 




any of the mycotoxins presented, results are mostly correlated with the effects 
obtained before in the same conditions in our laboratory. Same doses of 
exposure for individual and combined treatments (included the ratios for the 
mixtures) have been chosen according to previous results of cytotoxicity in 
undifferentiated SH-SY5Y cells (Agahi et al., 2020b) as well as not overpassing 
the levels found in food and the levels reaching the BBB. 
Cellular systems are protected against oxidative damage by a multilayer 
network of mitochondrial anti-oxidant systems, which consist of SOD, CAT, 
GPx, GST and glutathione reductase (GR) enzymes.  A number of low 
molecular weight antioxidants also intervene, such as α-tocopherol and 
ubiquinol and those coming from the food intake as zeaxanthin, lutein, 
polyphenols from goji berries and coffee, among others (Wei et al, 2001; 
Montesano et al., 2020; Juan-García et al., 2019a; Juan et al. 2020). These 
molecules are particularly effective in scavenging lipid peroxyl radicals and 
preventing free radical chain reactions of lipid peroxidation (Szeto et al, 2006).  
Mitochondria converts 1–5% of the oxygen in cells to ROS which cannot 
be fully neutralized by defense systems completely (Wei et al, 2001). This can 
cause cumulative oxidative injuries to mitochondria, and progressively become 
less efficient in reducing ROS to end up undermining the mitochondria defense 
system and its consequences as induce mitochondrial DNA mutations, damage 
the mitochondrial respiratory chain, membrane permeability, Ca2+ homeostasis 
and mitochondrial defense systems (Brand et al., 2004). All these aspects are 
implicated in the development of neurodegenerative diseases as well and mediate 





previously reported in the literature (Szeto et al, 2006; Moreira et al, 2010; 
Michael et al, 2006).  
The balanced enzymatic system in the mitochondrial matrix runs as 
follows: enzyme manganese superoxide dismutase (MnSOD or SOD2) or 
copper/zinc SOD (Cu/ZnSOD or SOD1) in the mitochondrial intermembrane 
space and cytosol convert O2•- to hydrogen peroxide (H2O2) in the reaction O2•- 
+ O2•- + 2H+→ H2O2 + O2 (Fridovich et al, 1995). H2O2 is more stable than 
O2•- and can diffuse from mitochondria into the cytosol and nucleus. 
Afterward, H2O2 is detoxified by GPx in mitochondria and the cytosol by using 
glutathione (GSH) as a substrate, and by CAT in peroxisomes both by 
converting it to H2O (Wei et al, 2001).  
The results reported in here for BEA, α-ZEL and β-ZEL in 
undifferentiated SH-SY5Y cells, showed an increase of SOD activity in all 
treatments assayed, individually and combined, from 1- to 4- fold after 48 h of 
exposure compared to unexposed cells; while after 24 h of exposure, this activity 
remained unchanged (Figure 4 and Figure 5D). According to the connected 
enzymatic system described above, after accelerating the activity of SOD, the 
production of H2O2 increases, and consequently GPx antioxidant activity which 
is in charge of detoxifying H2O2 molecules, increases as well. Coinciding with 
this, GPx activity in SH-SY5Y exposed to mycotoxins increased significantly in 
all treatments individually and in binary combination after 24 h of exposure from 
2.5- to 23- fold compared to untreated cells (Figure 1 and Figure 5A). GSH plays 
an important role in in detoxifying H2O2 molecules but no changes in the activity 




conditions and for the same cell line (Agahi et al., 2020a). In fact, there is no 
GSH lack evidenced nor correlated with ROS levels and GPx activity. So that, 
results presented in here seem to have a close support to our previous findings 
(Agahi et al, 2020a).  
In tertiary combination, the activity of GPx decreased significantly at 24 h 
and remained unchanged after 48 h of exposure for almost all treatments (Figure 
1 and 5A). In several studies, cells with increased levels of SOD showed to be 
hypersensitive to oxidative stress rather than protected from it (Michiels et al., 
1994; Weydert et al., 2006). Hence, the dysfunctionality of H2O2 conversion by 
an adequate level of CAT and GPx, may be detrimental to the cell, by the 
consequence that H2O2 might accumulate to end up cells dying. In the light of 
this, the decreased activity level of GPx at 48 h can be justified by the increase 
of activity in SOD (Figure 4 and 5D) coinciding with cytotoxicity and oxidative 
stress results reported by Agahi et al., (2020a and 2020b). This suggests that GPx 
activity in SH-SY5Y cell line is not the major implicated enzyme in detoxifying 
against cytotoxicity of BEA, α-ZEL and β-ZELIt is possible that GPx inactivates 
itself by its own substrates (Pigeolet et al., 1990) a fact that could be happening 
at 48 h in tertiary combination and associated to levels of ROS. 
Similar results were obtained for sterigmatocystin (STE) mycotoxins in 
SH-SY5Y cells exposed during 24 h, where SOD and GPx enzymes decreased 
suggesting that these enzymes are unable to counteract the oxidative stress 
produced by STE exposure (Zingales et al., 2020). On the other hand, opposite 
results were obtained for HepG2 and CHO–K1 cells exposed to α-ZEL and β-
ZEL individually for 24 h, where both SOD and GPx activity increased (Tatay 





during 24 h, where it was suggested that SOD and GPx were enzymes primarily 
involved in combating cellular oxidative (Krishnaswamy et al., 2010); and  in 
CHO–K1 cells exposed to different concentrations of BEA for 24 h revealed an 
increase in GPx activity (Mallebrera et al., 2014). While in Hek-293 cells exposed 
to DON mycotoxin between 6 to 24 h of exposure, it was reported a significant 
increase in SOD activity (Dinu et al., 2011).  
CAT enzyme is also involved in catalyze the decomposition of H2O2 
along with GPx. CAT enzymes are abundant in the peroxisomes of liver cells 
while not as much in neuronal cells, and GPx is abundant in mitochondria and 
cytosol compartment. In this study, according to the results obtained from CAT 
activity in undifferentiated SH-SY5Y cells treated with α-ZEL, β-ZEL and BEA, 
it was observed a significant decrease in all individual treatments at 24h (Figure 
2A, 2B and 2C) as well as in combinations except in the binary treatment β-ZEL 
+ BEA (Figure 2E). This decrease of CAT activity is probably associated to the 
competition of GPx with CAT enzyme in detoxifying H2O2 activity in the stage 
of 24 h of exposure mentioned above; although it is also possible that due to the 
high concentrations of peroxide, CAT inactivates or it is trying to equilibrate  
(Williams, 1928). Contrary, in the stage of 48 h of exposure, the activity of CAT 
in SH-SY5Y cells increased significantly for α-ZEL and β-ZEL mycotoxins in 
individual and combined treatments up to 4-fold in comparison to control cells 
(Figure 2 and Figure 5B). Moreover, the excess of H2O2 can cross the 
mitochondrial membrane and can be degraded by CAT; thus, it could be 
speculated that there is a compensation of CAT activity to reduce H2O2 levels, 
while GPx is inactivated for the same treatments during 48 h of exposure. 




Dinu et al., (2011) where CAT activity was reduced in a dose-dependent manner, 
suggesting that the accumulation of superoxide anion produced by assayed 
mycotoxins may inhibit CAT activity (Kono and Fridovich, 1982).  
Finally, GST is a family of enzymes that catalyze the conjugation of GSH 
with a multitude of substrates to detoxify the exogenous and endogenous 
compounds. These enzymes are involved in the detoxification of xenobiotics 
and protective mechanism against cellular damage, such as oxidative stress. 
According to our results, a down regulation of the antioxidant defense system 
by decreasing the activity of GST enzyme only in cells exposed to α-ZEL and β-
ZEL individually was observed (Figure 3A and 3B). Inversely, a significant 
increase was demonstrated in all combination treatments, particularly in the 
highest concentrations assayed (except in α-ZEL + β-ZEL) (Figure 3). In 
accordance with Grigutyte et al., (2009) increase in GST activity is considered a 
chemical stress signal, therefore, this effect can be in consequence of increasing 
enzymatic activity in combination treatments by augmenting the levels of ROS 
as previously reported, from 2.8- to 8- fold compared to control (Agahi et al., 
2020a). Conversely, the decrease or unchanged GST activity in individual 
treatments can be as a result of no changing in ROS activity as it was proved 
previously (Agahi et al, 2020a).  
5. Conclusions  
In conclusion, the results achieved in the present study suggest that α-
ZEL, β-ZEL and BEA mycotoxins in undifferentiated SH-SY5Y cells, 
individually and combined, increases the GPx activity after 24 h of exposure 
which can help to reduce the effects associated to these mycotoxins as the 





the other hand, due to the balance of the enzymatic system the high activity 
detected for SOD enzyme after 48 h revealed decreases in the activity of GPx 
and CAT enzymes. CAT enzyme showed the highest activity for α-ZEL and β-
ZEL in SH-SY5Y cells when exposed individually and in combined treatments. 
When mycotoxins merged together, GST enzyme activity increased which 
supports the fact that damage associated to oxidative stress by these mycotoxins 
is trying to be alleviated by GST activity. Ultimately, altogether and from 
achieved results it can be comprehended that antioxidant enzymatic system in 
SH-SY5Y cells, provide a strong protector role toward the damage caused by α-
ZEL, β-ZEL and BEA mycotoxins in undifferentiated SH-SY5Y cells in 
individual and combined treatments. 
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Cell cycle progression and programmed cell death are imposed by 
pathological stimuli of extrinsic or intrinsic including the exposure to 
neurotoxins, oxidative stress and DNA damage. All can cause abrupt or delayed 
cell death, inactivate normal cell survival or cell death networks. Nevertheless, 
the mechanisms of the neuronal cell death are unresolved. One of the cell deaths 
triggers which have been wildly studied, correspond to mycotoxins produced by 
Fusarium species, which have been demonstrated cytotoxicity and neurotoxicity 
through impairing cell proliferation, gene expression and induction of oxidative 
stress. The aim of present study was to analyze the cell cycle progression and 
cell death pathway by flow cytometry in undifferentiated SH-SY5Y neuronal 
cells exposed to α-zearalenol (α-ZEL), β-zearalenol (β-ZEL) and beauvericin 
(BEA) over 24h and 48h individually and combined at the following 
concentration ranges: from 1.56 to 12.5 μM for α-ZEL and β-ZEL, from 0.39 
to 2.5 μM for BEA, from 1.87 to 25 µM for binary combinations and from 3.43 
to 27.5 μM for tertiary combination. Alterations in cell cycle were observed 
remarkably for β-ZEL at the highest concentration in all treatments where 
engaged (β-ZEL, β-ZEL + BEA and β-ZEL + α-ZEL), for both 24h and 48h. 
by activating the cell proliferation in G0/G1 phase (up to 43.6%) and causing 
delays or arrests in S and G2/M phases (up to 19.6%). Tertiary mixtures revealed 
increases of cell proliferation in subG0 phase by 4-folds versus control. Similarly, 
for cell death among individual treatments β-ZEL showed a significant growth 
in early apoptotic cells population at the highest concentration assayed as well 
as for all combination treatments where β-ZEL was involved, in both early 
apoptotic and apoptotic/necrotic cell death pathways. 
 








1. Introduction  
Cell cycle and cell death are balanced routes that ensure the tissue structure 
and homeostasis which occurs through many pathways. There are two distinct 
routs of cell death, called apoptosis and necrosis, as per the structural and 
biochemical differences. Coupling the process of mitosis with apoptosis seem 
to be regulated through a specific set of precise factors (Pucci et al., 2000; King 
et al., 1995). The occurrence of programmed cell death is a highly conserved 
mechanism in tissue remodeling, which enables an organism to eliminate 
redundant and malfunctioning cells through a process of cellular disintegration 
that has the advantage of not inducing an undesirable inflammatory response 
(Elmore et al., 2007; Thompson et al., 1995). However, unregulatable death 
events of cells can induce many disorders such as neurodegenerative disorders 
which can lead to various chronic disease states of amyotrophic lateral sclerosis 
(ALS) and Alzheimer's disease, and in neurological injury such as cerebral 
ischemia and trauma. It can also induce defense mechanisms of cancer cells 
against the apoptotic and necrotic signals where a loss of balance between cell 
division and cell death occurs (Wong et al., 2011; Okouchi et al., 2007). 
The cell cycle is a set of events responsible for cell duplication, by which 
cells alternate DNA synthesis and mitosis and ensure that each of these 
processes finishes before the other begins. Such careful control is articulated at 
the level of checkpoints mechanisms that sense the progress of each cell cycle 
phase and only upon its completion allow progression into the next; hence, 
dysfunction of checkpoints can prove fatal for the affected cell (Pucci et al., 




defective cell cycle, it is clear that damage to the cell cycle or to genomic integrity 
is an extremely efficient trigger of cell death (Manickam et al., 2020; Zingales et 
al., 2020; Swomley et al., 2014). It has been proved that several cytotoxic agents 
induce cell death through oxidative stress in the form of increased reactive 
oxygen species (ROS), which not only triggers cell death but it is also implicated 
in several disorders (Manickam et al., 2020; Carri et al., 2003; Jenner, 2003; Klein 
and Ackerman, 2003). ROS are considered to damage cells and ultimately 
apoptosis by destruction of cellular components including lipids, proteins, and 
nucleic acids (Kannan and Jain, 2000). In the sight of this fact, various in vitro 
and in vivo study suggested that ROS generation can be provoked by many 
toxins including one of the most recent studies as for mycotoxins (Agahi et al., 
2020b; Tatay et al., 2017; Mallebrera et al., 2014; Prosperini et al., 2013). We 
previously demonstrated that α-ZEL, β-ZEL and BEA mycotoxins from fungi 
of the genus Fusarium, induce injury in human neuroblastoma SH-SY5Y cells 
by elevating oxidative stress levels which lead to the induction of cytotoxicity, 
ROS generation, disruption of enzymatic and non-enzymatic activity and more 
importantly causing disorders through alteration in the expression of genes 
Casp-3, Bax and Bcl-2; all three involved in cell apoptosis (Agahi et al., 2020a; 
2020b). However, little is known about the effects of these mycotoxins or the 
implication of ROS levels on alterations of cell cycle progression nor in cell 
death route activation.  
It is believed that the human-derived SH-SY5Y cells express a number of 
human-specific proteins and protein isoforms that would not be inherently 
present in rodent primary cultures. Both undifferentiated and differentiated SH-
SY5Y cells have been utilized for in vitro experiments requiring neuronal-like 





characteristic and recognized morphologically by neuroblast-like (Kovalevich et 
al., 2013). Hence, we set out the present study to investigate the cell cycle 
regulation in an undifferentiated SH-SY5Y neuronal cells line exposed by α-
ZEL, β-ZEL and BEA mycotoxins individually, in binary and in tertiary 
combinations during 24 h and 48 h of exposure, and also determine the 
mechanism of cytotoxicity causing cell death whether is through apoptotic, 
apoptotic/necrotic or necrotic pathways.  
2. Material and methods 
2.1. Reagents 
The reagent grade chemicals and cell culture components used, 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), fetal bovine serum 
(FBS) and phosphate buffer saline (PBS) were supplied by Thermofisher, Gibco 
™ (Paisley, UK). Methanol (MeOH, HPLC LS/MS grade) was obtained from 
VWR International (Fontenay-sous-Bois, France). Dimethyl sulfoxide was 
obtained from Fisher Scientific Co, Fisher BioReagnts ™ (Geel, Belgium).  
Deionized water (<18, MΩcm resistivity) was obtained in the laboratory using a 
Milli-QSP® Reagent Water System (Millipore, Beadford, MA, USA). HEPES, t-
octylphenoxypolyethoxyethanol (Triton-X 100), tris-hydroxymethyl 
aminomethane (Tris), ribonuclease A from bovine pancreas (RNAase), Annexin 
V-FITC, propidium iodide (PI), the standard of BEA (MW: 783.95 g/mol), α-
ZEL and β-ZEL (MW: 320,38 g/mol) were purchased from SigmaAldrich (St. 
Louis Mo. USA). Stock solutions of mycotoxins were prepared in MeOH (α-




final concentration of either MeOH or DMSO in the medium was ≤1% (v/v) 
as per established. All other standards were of standard laboratory grade. 
2.2. Cell culture  
Human neuroblastoma cell line, SH-SY5Y, was obtained from American 
Type Culture Collection (ATCC, Manassas, VA, USA), and cultured in 
Dulbecco’s Modified Eagle’s Medium- F12 (DMEM/F-12), supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 
streptomycin. The cells were sub-cultivated after trypsinization once or twice a 
week and suspended in complete medium in a 1:3 split ratio. Cells were 
maintained as monolayer in 150 cm2 cell culture flasks with filter screw caps 
(TPP, Trasadingen, Switzerland). Cell cultures were incubated at 37°C, 5% CO2 
atmosphere. 
2.3. Cell cycle analysis 
Cell cycle analysis was performed using Vindelov's PI staining solution as 
described previously by Juan-García et al., (2013). The PI solution is a 
fluorescent DNA intercalating agent able to bind and label double-stranded 
nucleic acids, making it possible to achieve rapid and precise evaluation of 
cellular DNA content by flow cytometric analysis. The cell cycle is monitored 
by different key checkpoints or decision points on whether the cell should 
divide, delay division, or enter a resting stage. 5-Fluorouracil (5-Fu) inhibits 
thymidylate synthase, which blocks synthesis of the nucleoside thymidine, and 
thus affects DNA synthesis in the S phase. The etoposide inhibits DNA 
topoisomerase II and exerts its effects at the G2-M checkpoint. Etoposide and 





six-well plates. After cells achieved the 90% confluence, cells were treated with 
α-ZEL and β-ZEL (12.5, 6.25, 3.12 and 1.56 μM), and BEA (2.5, 1.25, 0.78 and 
0.39 μM) as an individual treatment. In assays of combinations the following 
mixtures were tested: α-ZEL + BEA, β-ZEL + BEA, α-ZEL + β-ZEL and α-
ZEL + β-ZEL + BEA with concentrations ranged from 25 to 1.87 μM for 
binary combinations, and from 27.5 to 3.43 μM for tertiary combination. The 
dilution ratio of concentration ranges in binary combinations was (1:1) for α-
ZEL + β-ZEL, (5:1) for α-ZEL + BEA and β-ZEL + BEA, and (5:5:1) in 
tertiary combinations (α-ZEL + β-ZEL + BEA). Then, cells were trypsinized 
(0.14 ml) and removed after 3 min and placed on ice for 30 min with 0.36 ml of 
fresh medium containing 0.5 ml Vindelov's PI staining solution prepared as 
follows: 40 μg/ml RNAase, 0.1% Triton X-100, 10 mM Tris, 10 mM NaCl and 
50 μg/ml of PI in PBS. Fifty thousand cells for each sample were analyzed using 
BD LSRFortessa (BD Biosciences) flow cytometry. The experiments were 
carried out in duplicate, and the results were expressed as the mean ± SEM of 
different independent experiments. 
2.4. Measurement of necrosis-apoptosis by Annexin V-FITC/PI 
Cell death generally proceeds through two molecular mechanisms: 
necrosis and apoptosis. One of the characteristics of apoptosis is the 
externalization of phosphatidylserine (PS) to the outer leaflet of the plasma 
membrane. The differential of population of apoptotic cells (early or late), 
necrotic and dead cells was identified by Annexin V-FITC/PI double staining 
(Vermes et al., 1995). Cells considered as viable are both Annexin V-FITC-/PI− 




FITC+/PI−. Cells stained negative for Annexin V-FITC and positive for PI 
represented necrotic cells. Cells stained positive for both Annexin V-FITC and 
PI corresponded to late apoptotic/necrotic cells. The assay was carried out as 
described by Juan-García et al., (2013). 10,000 cells were acquired and analyzed 
on a BD FACSCanto flow cytometer with FACSDiva software v 6.1.3 (BD 
Biosciences). Undifferentiated neuroblastoma SH-SY5Y cells were seeded and 
exposed to mycotoxins as detailed previously in section 2.3. Green (FL-1, 530 
nm) and orange-red fluorescence (FL-2, 585 nm) were detected, emitted by 
FITC and PI, respectively. Quadrant statistics were performed to determine 
viable cells (live cells), early apoptotic, apoptotic/necrotic (late apoptotic) and 
necrotic (dead cells) from the total population of cells. 
2.5. Statistical analysis 
Statistical analysis of data was carried out using IBM SPSS Statistic version 
23.0 (SPSS, Chicago, Il, USA) statistical software package and GraphPad Prism 
8.0 (GraphPad Software, Inc., San Diego, USA). Data were expressed as mean 
± SD of three independent experiments. The statistical analysis of the results 
was performed by student's T-test for paired samples. Difference between 
groups were analyzed statistically with ANOVA followed by the Tukey HDS 
post hoc test for multiple comparisons. The level of p ≤ 0.05 was considered 
statistically significant. 
3. Results  
3.1. Cell cycle analysis in individual treatments 
Flow cytometry was used to determine cell proliferation by cell cycle 





α-ZEL after 24 h of exposure, a significant concentration-dependent increase in 
G0/G1 phase was observed at 3.12 μM, 6.25 μM and 12.5 μM by 1.5%, 4.5% 
and 6% respectively, accompanied by a reduction in S phase at all concentrations 
up to 25.7%, and in G2/M phase up to 32.4% as compared to the control. 
Conversely, a concentration-dependent reduction in the number of cells in 
G0/G1 phase was detected after 48 h at 1.56 μM, 6.25 μM and 12.5 μM by 6.9%, 
7.6% and 9%, respectively (Fig. 1a.2). For individual treatment of β-ZEL after 
24 h of exposure, a significant dose-dependent increase in G0/G1 phase was 
observed at all concentrations assayed from 4.7% to 34.6% versus the control 
(Figure 1b.1); which was accompanied by a dose-dependent decline in S phase 
from 29% to 87%, and also in G2/M phase at the highest concentrations assayed 
of 6.25 μM and 12.5 μM by 46% and 68%, respectively (Figure 1b.1).However, 
after 48 h of exposure in G0/G1 phase, this increase was only observed at the 
highest concentration assayed (12.5 μM) by 7.7%, accompanied by unchanged 
activity in S phase and a significant decrease in G2/M phase at 3.12 μM and 6.25 
μM by 30% and 21%, respectively (Fig. 1b.2). For BEA, after 24 h of exposure, 
a significant increase was observed in G0/G1 phase at the lowest concentrations 
assayed (0.39 μM and 0.78 μM,) by 10% to 13.8%, followed by a notable 
reduction in S phase at the same concentrations from 19.8% to 28.7% (Figure 
1c.1). The same increase happened for G2/M phase at 0.39 μM, 0.78 μM and 
2.5 μM by 10.2%, 13.2% and 38.3% respectively, in comparison to unexposed 
cells (Figure 1c.1). Inversely, after 48 h exposure cell population remained 
unchanged in G0/G1 phase and G2/M phase, while in S phase a significant 
decrease was detected at 0.78 μM and 2.5 μM by 20% and 42.3%, respectively 






Figure 1. Cell cycle progression of SH-SY5Y cells treated with α-ZEL (a), β-ZEL (b) and BEA (c) after 24h (a.1, b.1, and 
c.1) and 48 h (a.2, b.2, and c.2) and analyzed by flow cytometry. The values were expressed as the mean ± SD for two 
replications. Data are expressed in % of the unexposed control. *p ≤ 0.05 indicates a significant difference from the 






3.2. Cell cycle analysis in combination treatments 
Figure 2 reports the results of cell cycle progression for binary 
combinations. For α-ZEL + BEA (Figure 2a), G0/G1 phase increased 
significantly at all concentrations assayed up to 15.4% compared to untreated 
cells after 24 h of exposure (Figure 2a.1). For S phase, a significant decrease was 
observed at the highest concentration assayed ([12.5 + 2.5] μM) by 31.6% and 
55.4%, for 24 h and 48 h, respectively (Figure 2a). For β-ZEL + BEA treatment 
(Figure 2b), G0/G1 phase revealed a significant increase at [3.12 + 0.78] μM, 
[6.25 + 1.25] μM and [12.5 + 2.5] μM by 22.9%, 34.3% and 30%, respectively at 
24 h, followed by a dose-dependent decrease in S phase at the same 
concentrations from 37.5% to 66.5%, and in G2/M phase at all concentrations 
from 36%to 6 compared to unexposed cells (Figure 2b.1).On the other hand, 
after 48 h of exposure a marked alteration in all phases was observed at the 
highest concentrations assayed ([12.5 + 2.5] μM): cells in G0/G1 phase 
increased by 19.6%, followed by a decrease in S and G2/M phases by 44% and 
78%, respectively compared to unexposed cells (Figure 2b.2). For α-ZEL + β-
ZEL (Figure 2c) cell distribution in G0/G1 phase was significantly high in a 
dose-dependent manner after 24 h of exposure at [1.56 + 0.39] μM, [6.25 + 1.25] 
μM and [12.5 + 2.5] μM by 17.9%, 32.8% and 43.6%, respectively compared to 
control cells (Figure 2c.1); this was accompanied by a significant reduction in 
cells population in S phase at the highest concentrations assayed [6.25 + 1.25] 
μM and [12.5 + 2.5] μM by 49% and 84.6%, respectively, and also in G2/M 
phase at all concentrations assayed in a concentration-dependent manner (from 
35.7% to 60%) (Figure 2c.1). Remarkably, after 48 h of exposure a shift in 




at all phases; increase in G0/G1 phase by 15%, and decreased in S and G2/M 
phases by 38% and 61%, respectively (Figure 2c.2). Ultimately, tertiary 
combination of α-ZEL + β-ZEL + BEA is shown in Figure 5.  After 24 h of 
exposure a significant increase in cells number of G0/G1 phase was observed 
at all concentrations assayed, from 16.7% to 34.6% in comparison to unexposed 
cells (Figure 5a.1). This was followed by a considerable decline in S phase cells 
population at [3.12 + 3.12 + 0.78] μM, [6.25 +6.25 + 1.25] μM and [12.5 + 12.5 
+ 2.5] μM by 37%, 59.6% and 55.3%, respectively; and a dose-dependent 
decrease in G2/M phase at [1.56 + 1.56 + 0.39] μM, [3.12 + 3.12 + 0.78] μM 
and [6.25 +6.25 + 1.25] μM by 29.2%, 51.9% and 61.2%, respectively (Figure 
5a.1). 
After 48 h of exposure, the population of cells in G0/G1 and S phases 
decreased significantly at the highest concentration assayed ([12.5 + 12.5 + 2.5] 
μM) by 18.8% and 41.4%, respectively, while a significant increase in G2/M 
phase was observed at the highest concentration by 113%, and lastly, a dramatic 
growth in cells number in subG0 phase was noticed at [3.12 + 3.12 + 0.78] and 
[6.25 +6.25 + 1.25] μM by 2- and 3.2-folds respectively compare to control cells 






Figure 2. Cell cycle progression of SH-SY5Y cells treated with binary combinations α-ZEL + BEA (a), β-ZEL + BEA 
(b) and α-ZEL + β-ZEL (c) after 24h (a.1, b.1 and c.1) and 48 h (a.2, b.2 and c.2) and analyzed by flow cytometry. The 
values were expressed as the mean ± SD for two replications. Data are expressed in % of the unexposed control. 





3.3. Necrosis-apoptosis analysis in individual treatments 
To determine the death pathway underlying the observed decline on cell 
proliferation found by our previous study on cytotoxicity effect of α-ZEL, β-
ZEL and BEA individually and in combinations, the mechanism of induction of 
cell death was decided to study in SH-SY5Y cells after 24 h and 48 h of exposure 
(Figures 3, 4 and 5b).  
As it is shown in Figure 3a.1, after 24 h of exposure, α-ZEL treated cells 
increased significantly in apoptotic and apoptotic/necrotic cells by up to 83.3% 
and 88.7% compared to control, while conversely, after 48 h of exposure it was 
observed a notable decrease at all concentration assayed in apoptotic cells up to 
52.9% and an increase in apoptotic/necrotic cells at [6.25 + 1.25] and [12.5 + 
2.5] μM by 23.7% and 48.8% versus control (Figure 3a.2). Moreover, after 48h 
of exposure it was observed a considerable increase in necrotic cells up to 95% 
(Figure 3a.2). For β-ZEL, a significant increase was observed in apoptotic cells 
exposed to the highest concentration assayed (12.5 μM) after both 24 h and 48 
h of exposure by 43.9% and 50%, respectively (Figure 3b.1). Also, 
apoptotic/necrotic cells increased significantly at 6.25 μM by 53% after 24 h and 
at 1.56, 3.12 and 12.5 μM by 38.8%, 24% and 27.7% respectively after 48 h of 
exposure compared to control cells (Figure 3b). For BEA, after 48 h exposure a 
significant decrease was noticed at all concentrations from 8% to 44%, versus 
control. in apoptotic/necrotic cells increased for both time of exposure, which 
was up to 89% for 24 h and up to 38.8% for 48 h (Figure 3c). Also, after 48 h 
of exposure a notable increase was observed in necrotic cells at 0.39 and 0.78 






Figure 3. The Apoptosis-Necrosis progression of SH-SY5Y cells treated with α-ZEL (a), β-ZEL (b) and BEA (c) after 24h (a.1, 
b.1, and c.1) and 48 h (a.2, b.2, and c.2), analysis by flow cytometry. The values were expressed as the mean ± SD for two 






3.4. Necrosis-apoptosis analysis in combination treatments 
The apoptosis-necrosis progression of binary combinations is shown in 
Figure 4. For α-ZEL + BEA combination, it was observed a significant increase 
at 2.5 μM in both exposure time (by 57.6% for 24 h and by 40.8% for 48 h), 
similarly the same happened for apoptotic/necrotic cells at all concentrations 
assayed from 47.3% to 83% for 24 h and from 37% to 58.7% for 48 h of 
exposure (Figure 4a). After 24 h (Figure 4b), apoptotic cells increased 
considerably at the highest concentration of [12.5 + 2.5] μM by 44%, and at 
[6.25 + 1.25] and [12.5 + 2.5] μM by 28% and 61.8% for 48 h. Also, it was 
observed a significant increase in apoptotic/necrotic cells at all concentrations 
assayed for both times of exposure (from 29.7% to 93.8% for 24 h, and from 
20.8% to 50% for 48 h), while necrotic cells population remained unchanged 
(Figure 4b). For α-ZEL + β-ZEL treatments (Figure 4c.1), after 24 h of 
exposure, a markable increase was observed at the highest concentration assayed 
([12.5 + 2.5] μM) in apoptotic/necrotic cells by 128%. On the other hand, after 
48 h of exposure, a considerable increase was observed at [6.25 + 1.25] and [12.5 
+ 2.5] μM in both apoptotic (by 19.9% and 19.8%) and apoptotic/necrotic (by 
49.3% and 78.6%) respect to unexposed cells (Figure 4c.2). 
Ultimately, for tertiary combination of α-ZEL + β-ZEL + BEA as it is 
show in Figure 5b, a significant increment was noticed at the highest 
concentration assayed ([12.5 + 12.5 + 2.5] μM) for apoptotic cells for both 
exposure time (24 h and 48 h by 126% and 61.6%, respectively), and in the same 
way for apoptotic/necrotic cells at all concentrations assayed for both time of 
exposre (from 42.8% to 68.6% for 24 h and from 23.6% to 38.6% for 48 h) in 






Figure 4. The Apoptosis-Necrosis progression of SH-SY5Y cells treated with α-ZEL + BEA (a), β-ZEL + BEA (b) and 
α-ZEL + β-ZEL (c) after 24h (a.1, b.1, c.1 and d.1) and 48 h (a.2, b.2, c.2 and d.2), analysis by flow cytometry. The values 
were expressed as the mean ± SD for two replications. Data are expressed in % of the unexposed control. *p ≤ 0.05 







Figure 5. Cell cycle progression (a) and apoptosis-necrosis progression (b) of 
SH-SY5Y cells treated in tertiary combination α-ZEL + β-ZEL + BEA after 24h (a.1 
and b.1) and 48 h (a.2 and b.2) and analyzed by flow cytometry. The values were 
expressed as the mean ± SD for two replications. Data are expressed in % of the 
unexposed control. *p ≤ 0.05 indicates a significant difference from the respective 
solvent control. 
4. Discussion  
The cell cycle is typically divided into four phases: G1 (first gap), S (DNA 
synthesis), G2 (second gap), and M (mitosis) which are responsible for cell 
duplication (MacLachlan et al., 1995). Transmission of genetic information from 
one cell generation to the next requires genome replication during the S-phase, 
and its segregation to the two new daughter cells during mitosis or M-phase. 
These two phases are crucial events in a cyclic process that allows the correct 
duplication of the cell without accumulating genetic abnormalities. In a normal 
cell cycle, M-phase does not occur until S-phase is complete. G1 separates M 
from S, and G2 is between S and M. The timing and order of cell cycle events 
are monitored during cell cycle checkpoints that occur at the G1/S boundary, in 
S-phase, and during the G2/M-phases (MacLachlan et al., 1995). These 





factors, DNA damage and by mis-aligned chromosomes at the mitotic spindle 
(Abid-Essefi et al., 2003; Prosperini et al., 2013). If the damage cannot be 
repaired, the cell ends up dying by apoptosis or necrosis. 
 In accordance with the results achieved from cell cycle analysis presented 
in here for SH-SY5Y cells, after 24 h of exposure, cell proliferation was arrested 
remarkably in G0/G1 phase by mycotoxins in comparison with non-treated 
cells. Such effect was mostly highlighted in treatments where β-ZEL was 
involved (Figures 1b.1, 2b.1 and 2c.1). Conversely, after 48 h of exposure, it was 
detected unchanged activity and/or decrease in number of cells in G0/G1 phase 
for all treatments except where β-ZEL engaged, which showed cells cycle arrest 
at the highest concentrations assayed (Figures 1b.2, Figure 2b.2 and 2c.2). These 
findings were fortified by the results achieved in our previous study also in SH-
SY5Y cells, where β-ZEL was the most cytotoxic mycotoxin when tested 
individually (Agahi et al., 2020a). 
It is detected that growth arrest can be induced when DNA is damaged 
(Kastan et al., 1991; Linke et al., 1996); additionally, variations in neuronal cells 
death may arise from the alteration in the expression of several families of genes 
that regulate apoptosis which are identified in mammals as Bcl-2, Casp-3 and 
Bax. The Bcl-2 is recognized as anti-apoptotic protein family (Merry et al., 1997); 
while Bax, member of the Bcl-2 protein family, functions as an apoptotic 
activator or pro-apoptotic; likewise, Caspase-3 (Casp-3) as a member of caspase 
family, is believed to activate cell surface death receptors, which is a major 
commitment step for apoptosis (Wolf et al., 1999). Results of the expression of 
all three genes in SH-SY5Y cells with these mycotoxins treatments and 
combinations previously reported (Agahi et al., 2020b) are in accordance with 
the results obtained here (Figure 1 and 2), as a down regulation of genes Bcl-2 
and Casp3 in SH-SY5Y cells was observed when exposed to β-ZEL, and up 
regulation in all apoptotic genes when exposed to β-ZEL + BEA (Agahi et al., 
2020b). It has been also evidenced that the G2/M checkpoint prevents cells 
from entering mitosis when DNA replication/repair is not complete (He et al., 
2020); and coinciding with results from publication mentioned above it was 





cells (Agahi et al., 2020), so it can be concluded that growth arrest in G2/M 
phase by more than 2 times, might be due to the DNA damage, and 
consequently this will result in increasing necrotic cells in subG0 phase by 4 
times compared to control cells as shown in Figure 5a.2. 
Along with SH-SY5Y cells, increment in G0/G1 phase, and decrease in 
all treatments for S and G2/M phases was observed, mainly at the highest 
concentration assayed for each treatment, remarkably in β-ZEL, β-ZEL + BEA 
and β-ZEL + α-ZEL treatments for both phases (Figure 1b, 2b and 2c).  This 
could be due to DNA damage and mitosis impairment. Different studies on the 
cytotoxic and neurotoxic effects of several chemicals and toxins on the alteration 
of SH-SY5Y cell cycle have been carried out, but not for mycotoxins. For 
instance, in a study carried out by Sudo et al., (2019) it was indicated that heavy 
metals (MeHg, HgCl2, and CdCl2) which are known to induce neurotoxicity, 
can alter SH-SY5Y cell cycle by arresting them in S and G2/M phases. When 
looking at studies of the assayed mycotoxins on other cell lines similar results 
have been revealed for ZEA in inducing G0/G1-phase arrest in hESCs cells and 
granulosa cells, (Cao et al., 2019; Zhang et al., 2018) but contradictory on 
prostate cancer (PCa) cells, intestinal epithelial cells (IECs) and sertoli cells, 
where cell cycle arrest occurred in the G2/M phase at the highest doses assayed 
(Kowalska et al., 2020; Wang et al., 2019; Zheng et al., 2018). Also, in another 
study performed on RAW264.7 macrophages cells, accumulation of cells in the 
sub-G1 phase was significantly higher in the groups exposed to β-ZEL than α-
ZEL after 24 h (Lu et al., 2013).  
On the other hand, for BEA similar results was observed on CHO-K1 
cells where cells were arrested in G0/G1 phase after 24 h and an opposite result 
after 48 h and 72 h where cell arrest happened through G2/M phase (Mallebrera 
et al., 2016); also on Caco-2 cells where cells were arrested mainly in G2/M 
phase (Prosperini et al., 2013). Although there are few studies about the effect 
of combined mycotoxins on cell cycle alteration, Juan-García et al., (2019) 
investigated the effect of BEA mycotoxin individually and combined with 
ochratoxin A (OTA) on HepG2 cells. Results of BEA showed a significant 
decrease in all phases of cell cycle but only in G0/G1 phase when combined 





cycle induced by ZEA’s metabolites and BEA, differ with other studies; 
however, depending on the cell line and concentrations assayed, there is no 
doubt that these mycotoxins can interrupt cell cycle progression and initiate cell 
death.  
The majority of cells that die by “apoptosis”, have condensed nuclei and 
are eliminated by degradation of cell components for nearby cells (Thompson et 
al., 1995). In contrast, necrosis is a cell death initiated by rapid and severe failure 
to sustain homeostasis, which it involves damage to the structural and functional 
integrity of the cell and provokes an inflammatory response (Jacobson et al., 
1997; Farber et al., 1994). Toxicological cell culture studies have verified that 
stimulus intensity influences the mode of cell death (Lennon et al, 1991; 
Fernandes et al., 1994), although the modes of cell death are still viewed as 
mechanistically distinct as described above. It has been proposed that cell death 
occurs as an apoptosis-necrosis continuum, which occurs as hybrids ranging 
from apoptosis to necrosis (Martin, 2001). Several lines of evidence support a 
role for apoptosis in the toxicity of ZEA´s metabolites and BEA mycotoxins in 
different cell models (Agahi et al., 2020b; Juan-García et al., 2019; Ben-Salem et 
al., 2017; Ayed-Boussema et al., 2008; Bouaziz et al., 2007).  
According to our study of apoptosis-necrosis progression on SH-SY5Y 
cells, in individual treatments of mycotoxins, it was observed a significant 
tendency of growth in early apoptotic cells population for β-ZEL at the highest 
concentration assayed (12.5 μM) (Figures 3b.1 and 3b.2); while for α-ZEL and 
BEA this tendency shifted considerably from apoptotic cells population to 
apoptotic/necrotic (late apoptotic) cells after 48 h of exposure (Figures 3a.2 and 
3c.2). In spite of the fact that there are few studies carried out on ZEA’s 
metabolites on cell death pathway, this could be fortified by results achieved by 
Lu et al., (2013) on RAW 264.7 macrophages which early apoptotic cells 
increased significantly when exposed to β-ZEL 50 μM, rather than α-ZEL. Also, 
in other studies, ZEA caused cell death in apoptotic pathway on pig granulosa 
cells, and in late apoptotic and necrotic pathways on RAW 264.7 macrophages 
cells, both studies after 24 h (Li et al., 2015; Zhu et al., 2012). Conversely, for 





K1 cells (from 1and 5 μM), and in Caco-2 cells (from 1.5 μM and 3.0 μM) 
(Mallebrera et al., 2016; Prosperini et al., 2013); while an induction in necrotic 
cell death pathway in CHO-K1 cells (1 and 5 μM), and in C6 cells (1.5 μM) 
(Mallebrera et al., 2016; Wätjen et al., 2014). Despite the large number of studies 
about the effects of these mycotoxins on cell death pathway and the variety of 
results, all of them are focused only on studies performed in individual form. 
Among binary and tertiary combinations, a remarkable increase in cell 
proportion was belonged to both early apoptotic and apoptotic/necrotic cell 
death pathways after 24 h of exposure (Figures 4, 5b.1 and 5b.2), which was 
specifically detected at the highest concentration assayed as described in sections 
3.4; for tertiary mixture early apoptotic cells increased by 126% (Figure 5b.1) and 
for binary combination β-ZEL + α-ZEL in apoptotic/necrotic (late apoptotic) 
cells by 128% both at the highest concentration (Figure 4c.1). However, after 48 
h of exposure a significant increase in apoptotic cell population was noticed for 
tertiary combination and β-ZEL + BEA at the highest concentration assayed by 
more than 60% compared to control cells (Figures 5b.2 and 4b.2).  
The concept of an apoptosis-necrosis cell death progression could be 
important for understanding neuronal cell death, and thus may be important for 
the prevention of neuronal loss in human neurological disorder. Although, the 
death of neurons is not always strictly by apoptosis or necrosis pathways as 
described by Martin et al., (2001), our results provide further novel information 
in the mechanisms of neuronal death and the route of dying neurons in an 
undifferentiated SH-SY5Y neuronal cells when exposed to α-ZEL, β-ZEL and 
BEA mycotoxins individually and combined. In summary, our results 
demonstrate that β-ZEL possessed the highest potential in disturbing cell cycle 
progression by activating and/or arresting cells in G0/G1 phase, and 
additionally causing cell death mainly in apoptotic pathway at the highest 
concentration in all treatments where engaged. Thus, these findings offer a better 
understanding of the cytotoxicity effect of α-ZEL, β-ZEL and BEA mycotoxins 
when coexist in food and feed, and their effect on the molecular mechanisms of 
neuronal cell death in nervous system which can lead to new approaches for the 





expand the field of cell death biology, by regulating new norms in the levels of 
these mycotoxins in food and feed systems. 
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4. GENERAL DISCUSSION 
To achieve the objectives of the present PhD thesis first it was carried out 
a prediction of ZEA, α-ZEL and β-ZEL toxicity, and defined the products of 
its metabolomics profile via an in silico study using three software of 
computational toxicology: MetaTox, SwissADME and PASS online. 
Furthermore, the cytotoxicological interactions between α-ZEL, β-ZEL, and 
BEA mycotoxins for 24, 48, and 72 h at different concentrations individually 
and in combination in human neuroblastoma SH-SY5Y cells, was performed via 
the MTT assay. Moreover, the effects of combinations of two and three 
mycotoxins were evaluated by isobologram analysis to determine whether their 
interaction was synergistic, additive, or antagonistic, as well as to understand 
how mycotoxins can act at the cellular level; and determining the amount of α-
ZEL, β-ZEL, and BEA mycotoxins remaining in the medium by LC–ESI–
qTOF-MS. In addition, it was evaluated the effects of these three mycotoxins on 
production of ROS; also determined the activity of non-enzymatic and 
enzymatic antioxidant of SH-SY5Y cells exposed to mentioned mycotoxins.  
Afterward, the expression of genes that code for estrogen receptors (ER2 
(specifically ERβ and GPER1) were examined by all three mycotoxins. 
Moreover, to obtain more insight into the factors playing a role in the apoptotic 
process, the relative mRNA expression levels of CASP3, BAX and BCL2 were 
evaluated in SH-SY5Y cell line, through RT-PCR. Ultimately, it was studied the 
neurotoxicity of α-ZEL, β-ZEL and BEA mycotoxins individually, in binary and 




these three mycotoxins, and whether the cell death pathways is through 
apoptotic, apoptotic/necrotic or necrotic. 
4.1. In silico study for metabolomic and toxicity prediction of 
zearalenone, α-zearalenone and β-zearalenone 
MetaTox is used to obtain the metabolite products formed during Phase 
I and II reactions, contributing to describe the metabolomics profile (Rudik et 
al., 2017); SwissADME (Daina et al., 2017) has been used for assessing the 
ADMET processes suffered by three mycotoxins (ZEA, α-ZEL and β-ZEL) and 
its metabolites products (1z-5z for ZEA and 1 ab-7ab for α-ZEL and β-
ZEL)(Figure 1, Study 1); and PASS online, predicted the toxic effect of 
activation and the biological activities with probability values (Pa, probability of 
activation).  
Metabolites products predicted through MetaTox for the mycotoxins 
studied came from two Phase II reactions: O-glucuronidation and S-sulfation. 
Both are detoxication reactions of first line facilitating excretion. ZEA was 
predicted to generate two metabolites for each type of reaction (from 1z to 4z); 
while for α-ZEL and β-ZEL three metabolites (from 1 ab to 6 ab) (Figure 1 and 
Table 1, Study 1). For Phase I reaction, only hydrolysis reaction was predicted 
to take place from ZEA, α-ZEL and β-ZEL, generating only one metabolite 
product, 7z and 7 ab for ZEA and ZEA's metabolites, respectively. In summary 
a total of 12 compounds defined the metabolomic profile of ZEA, α-ZEL and 
β-ZEL (Figure 1 and Table 1, Study 1). Coinciding with other studies, these 
reactions take place and generate these compounds; however, their effects are 
unknown; in fact, the use of these metabolite products as biomarkers have been 





et al., 2016; Shephard et al., 2013; Wallin et al., 2015; Gerding et al., 2015) or 
directly detected in food and aromatic plants as masked mycotoxins (Berthiller 
et al., 2006, 2009; Mannani et al., 2019). However, an analysis of in silico 
prediction of toxic effects defined by the metabolomics profile is here the first 
time reported. EFSA has dealt in assessing the risk of ZEA, α-ZEL and β-ZEL 
and has indicated that metabolites products coming from them (also reported as 
modified forms) might have effects (oestrogenic effect, genotoxicity, endocrine 
receptor, …) (EFSA, 2011 and 2014) and contribute to the exposure evaluation 
but the uncertainty exists as there is a lack of data which entails difficulties in 
defining its toxic effects (EFSA et al., 2014, 2016, 2017). Not to mention the gap 
in effects of its mixtures or with other mycotoxins or contaminants. 
In silico analysis show that ZEA, α-ZEL and β-ZEL are poorly achieving 
the BBB, have good distribution and are highly favored to be absorbed 
gastrointestinally (Table 2, Study 1). The interesting point noticed with the 
analysis of metabolites products of these mycotoxins, obtained from O-
glucuronidation, S-sulfation and hydrolysis reactions, is that these properties 
change inversely, especially for achieving the BBB (see values from Table 2 and 
Table 3, Study 1) from low values to high values. There are studies coinciding 
and others opposite to the results predicted in here when compared with those 
reported by in vitro and in vivo studies. For all three mycotoxins it has been 
reported a good gastrointestinal absorption (rapid and extensive) as well as the 
formation of metabolites from hydrolysis, sulfation and glurcuronidation (Biehl 
et al., 1993; Frizzell et al., 2015; Pfeiffer et al., 2011; Plasencia et al., 1991); in 
fact, several strategies and recommendations have been also considered for the 




absorption predicted by Lipinsky RO5 is reported in Table 1 (Study 1), for the 
metabolomics profile. It also indicates that the probability of one compound to 
be absorbed orally is directly related to the ADMET and toxic effects. Only 
metabolites coming from O-glucuronidation were not following the Lipinsky's 
RO5 (HBA>10), because of not passing the gastrointestinal barrier; however, 
mycotoxins, and metabolites from S-sulfation and hydrolysis reactions did which 
indicates their good distribution. 
According to the analysis of main effects predicted in silico for ZEA, α- 
ZEL, β-ZEL and its metabolite product defining the metabolomic profile, 
carcinogencity is the toxic effect predicted with high probability; however, IARC 
has classified ZEA (since 1993) as Group 3 (not classifiable as to their 
carcinogenicity to humans) based on inadequate evidence in humans and limited 
evidence in experimental animals (IARC 1993); to mention different behave in 
mice and mouse with limited evidence reported. This explains the prediction 
described in Figure 2 (Study 1), which although carcinogenicity indicates high 
probability (80–90%), the evidence is not coinciding with assays carried out for 
evaluating such effect. This is not happening with other effects reported in 
Figure 2 (Study 1) which coincide with studies carried out either in vivo or in vitro 
(especially for ZEA as it is the most studied): mutagenicity (Abbès et al., 2007; 
Ben Salah-Abbès et al., 2009); nephrotoxic in rats (Becci et al., 1982), genotoxic 
(Ouanes et al., 2003, 2005; El-Makawy et al., 2001). As mentioned before the 
prediction needs to be confirmed with further assays without forgetting that it 
is giving a valuable indication to start from. 
Cytochrome P450 (CYP450) is an enzymatic complex important as 





main function is to metabolize the majority of toxic compounds through Phase 
I reactions. It is constituted by several isoforms to highlight the following as the 
most implicated in defense: CYP3A4, CYP2C9, CYP2C19, CYP1A1 and 
CYP1A2 (SwissADME). Expression of different isoforms occurs by exposure 
to contaminants as mycotoxins; which can act as inhibitors, inducers or 
substrates of this enzymatic complex. Results reveal that the highest predictions 
effects were for CYP3A4 (40–80%). When analyzing the action of mycotoxins, 
all three act as substrate, inducers and inhibitors ranging from 60% to 90%, from 
21% to 38% and from 23% to 32%, respectively for isoforms CYP1A1 and 
CYP1A2 (Figure 3, Study 1); while as substrate (62%–71%) and inducers (89%) 
for CYP3A4. Finally, for isoform CYP2C9, ZEA act as substrate and inducer 
and, α-ZEL and β-ZEL as substrate and inhibitor. For metabolite products, 
probabilities of action were marked for isoform CYP3A4. This isoform jointly 
CYP1A2 have been reported to play an important role in metabolism of ZEA 
in humans (Pfeiffer et al., 2009); while jointly with CYP2C8 denotes a high 
activation hydroxylation of ZEA (Bravin et al., 2009). In summary, different 
isoforms of CYP seem to contribute in the metabolization of all 15 compounds 
according to in silico prediction which coincides with the studies performed in 
vitro (Pfeiffer et al., 2009; Bravin et al., 2009); and more specifically with the 
isoform CYP3A4 which has the highest values of probability. 
Apoptotic cell death has been studied for ZEA in vitro revealing that 
activation of caspase 3 and 8 occurs (Banjerdpongchai et al., 2020; Gazzah et al., 
2010; Othmen et al., 2008; Agahi et al., 2020 Zhu et al., 2012); as well as for α- 
ZEL and β-ZEL (Abid-Essefi et al., 2009). Nothing is known nor for its 




implicated in the cascade activation for apoptotic cell death, have been predicted 
in silico as reported in Figure 4 (Study 1). Results for ZEA coincide with those 
reported in the literature in vitro denoting a major activation for caspase 3 than 
caspase-8 (Barjerdpongchai et al., 2020). Among that, similar tendency was 
observed for all the other 14 compounds studied; and while O-glucuronidates 
present highest prediction of activation for both caspase-3 and 8 and all 
compounds, S-sulfation products from ZEA (3z and 4z) do not contribute to 
activation of cell death through caspase-8 (Figure 4B, Study 1). The prediction 
achieved in this thesis in cell death and the in vitro confirmation reported for 
ZEA, α- ZEL and β-ZEL reveal that the apoptosis pathway of cell death is 
contributed by its metabolite products, which are generated during its 
detoxification by Phase I and II reactions. 
4.2. Cytotoxic effect of zearalenone’s derivates and beauvericin 
mycotoxins on SH-SY5Y cells 
4.2.1. Cytotoxicity effect of individual and combined mycotoxins 
According to the IC50 values of single mycotoxins, β-ZEL was the most 
cytotoxic mycotoxin compared to the other mycotoxins assayed individually, 
which is in accordance with Marin et al. (2019) who studied the cytotoxicity of 
ZEA and its metabolites in HepG2 cells, individually and in double 
combinations. Regarding to double combinations, it was revealed that presence 
of two mycotoxins increased the cytotoxic potential in SH-SY5Y cells, as shown 
by the lower IC50 values. IC50 for α-ZEL and BEA was not reached in individual 
treatment however, binary combination α-ZEL + BEA (5:1) inhibited cell 
proliferation from up to 50 to 90% for all times studied. For the β-ZEL + BEA 





β-ZEL. This was also observed when β-ZEL was combined with α-ZEL, for 
which combination (α-ZEL + β-ZEL (1:1)), the IC50 value was the same as that 
found for β-ZEL alone. This result was not achieved by Tatay et al. (2014) in 
CHO-K1 cells, although the mycotoxin concentrations studied in binary assays 
in that work were two times higher than the concentrations assayed in our study. 
The proliferation of CHO-K1 cells treated with the α-ZEL + β-ZEL mixture at 
the highest concentration decreased only by 20% with respect to the values 
found when each mycotoxin was tested alone. For the triple combination (α-
ZEL + β-ZEL + BEA, (5:5:1)), cell proliferation inhibition was lower than when 
β-ZEL was assayed individually, and the same result was found for β-ZEL + 
BEA after 48 and 72 h and for α-ZEL + β-ZEL after 48 h in SH-SY5Y cells. 
This is in contrast with the results obtained for the tertiary combination of α-
ZEL + β-ZEL + ZEN in CHO-K1 cells, as this combination was more 
cytotoxic than each mycotoxin tested alone (Chou and Talalay, 1984). 
In SH-SY5Y cells presented in this work, almost all the combinations 
tested reduced cell viability more than the individual mycotoxins, except the β-
ZEL + BEA (5:1), α-ZEL + β-ZEL (1:1), and α-ZEL + β-ZEL + BEA (5:5:1) 
combinations, for which the reduction in cell viability was not significantly 
different from that obtained when β-ZEL was assayed individually. According 
to Dong et al. (2010), ZEA is degraded more efficiently to α-ZEL than to β-
ZEL in almost all tissues, whereas it is converted more efficiently to β-ZEL than 
to α-ZEL in liver and lungs. Some studies demonstrated that β-ZEL is more 
cytotoxic than α-ZEL (Jia et al, 2019; Abid et al, 2009; Chou 2006), whereas 
other studies found that α-ZEL is more cytotoxic (Jia et al, 2019; Chou and 




4.2.2. α-ZEL, β-ZEL, and BEA present in cell medium after treatment with 
binary and tertiary combination 
The IC50 values obtained by the MTT assay and the amount of mycotoxin 
detected in the media by LC–ESI–qTOF-MS were determined and translated 
into percentage values as an attempt to calculate the amount of each mycotoxin 
involved in the cytotoxic effect and in the type of interaction effect. Hence, the 
percentage of mycotoxin present in the media was considered in accordance with 
the IC50 value obtained from the MTT assay. The results showed that among the 
individual mycotoxins assayed, the amount of α-ZEL that remained in the 
culture medium was above 50% of the administered quantity at all times assayed. 
This can be related to the effect, which shows that the viability was above 100% 
for the doses reported. This can be justified by the chemical structure of this 
compound, which might impede its access in the cell. the results suggest that the 
availability and capacity of the tested mycotoxins to get into cells were greater 
than those of α-ZEL, and as a consequence, the amounts of these mycotoxins 
detected in the media were lower than that of α-ZEL. To notice that the higher 
the amount of mycotoxin in the medium (at 24 h), the higher the cell viability, 
which might be related to the lower amount of mycotoxin affecting the live cells. 
On the contrary, BEA seemed to have easier access the cells, as its percentage 
in the medium was generally below 50%, but cell viability was maintained above 
50% for the doses assayed, indicating the lower potential toxicity of BEA in SH-
SY5Y cells compared to ZEA metabolites. In fact, among all three mycotoxins 
tested, BEA reached the IC50 values after long exposures times (72 h), 






According to this and when analyzing combinations, the amounts of ZEA 
metabolites found in the medium were in most cases below BEA’s amounts, 
indicating easier access of these compounds in SH-SY5Y compared to BEA. In 
detail, for the α-ZEL + BEA combination, it can be observed that the lower the 
amount of α-ZEL in the medium over time, the lower the viability of SH-SY5Y 
cells, in particular at 72 h. For triple mixtures, the cytotoxic effect was weaker at 
all times and for all mixtures compared with that of binary combinations; 
however, the amounts of each mycotoxin detected were all below 50%, and the 
cytotoxic effect seemed to be bearable for SH-SY5Y cells for doses administered 
in the first and second mixture but not for those of the third mixture (6.25 + 
6.26 + 1.25) µM (α-ZEL + β-ZEL + BEA, 5:5:1), specifically at 48 h and 72 h. 
The results obtained in this assay suggest that cytotoxicity is due to the 
stimulation of different biochemical mechanisms that after a certain level of 
stimulation, cannot be controlled and cause cell death.  
4.3. Determination of oxidative stress production and enzymatic 
defense system in SH-SY5Y cells exposed to zearalenone metabolites and 
beauvericin 
There are limited studies to demonstrate the effects of ZEA´s metabolites 
and BEA on cells cytotoxicity according to their relationship on different factors 
such as oxidative stress and regulation of gene expression, individually and in 
combination (Marin et al., 2019; Fu et al., 2019; Tatay et al., 2016, 2017; Ferrer 
et al., 2009). In Study 2, the cytotoxicity of ZEA´s metabolites (α-ZEL and β-
ZEL) and BEA were examined individually and in combination and it was 




Accordingly, it was aimed to determine the mechanism whereby these three 
mycotoxins induce oxidative stress in the same cell line and their possible effect 
on alteration of enzymatic and non-enzymatic defense system.  
4.3.1. Intracellular ROS generation of individual and combined 
mycotoxins 
Regarding to our results obtained from evaluating ROS generation, 
elevated ROS levels in combinations where α-ZEL was involved, were observed 
with increases of 2.8- to 8-fold compared to control, coinciding with that 
obtained by Tatay et al. (2017) on HepG2 cells that α-ZEL was the major 
contributor to ROS production. However, no significant difference in ROS 
levels were detected when each mycotoxins was tested alone. 
On the other hand, opposite to results previously published for SH-SY5Y 
cells, HepG2 cells and CHO-K1 cells (Zingales et al., 2020; Tatay et al., 2016, 
2017; Venkataramana et al., 2014) it was not observed any relationship between 
increasing time or concentration and the amount of ROS production in cells. 
The increased ROS generation in cells exposed to ZEA´s metabolites and BEA 
could be a consequent contribution to cell injury or oxidative stress.  
4.3.2 Alteration of non-enzymatic defense system  
With considering that the levels of GSH determine the balance in the 
antioxidant defense system, the impact on cellular GSH content present in two 
redox form (glutathione reduced (GSH) and glutathione disulfide (GSSG)), was 
evaluated after 24 h and 48 h in SH-SY5Y cells for α-ZEL, β-ZEL and BEA 
individually and combined, as all three have toxicological interest due to their 





The obtained results suggested that α-ZEL, β-ZEL and BEA, in individual 
and combination treatment after 24 h had induced GSH/GSSG in the SH-SY5Y 
cells, since the ratio was significantly elevated; whereas, after 48 h of exposure 
the same result was only observed for α-ZEL + BEA and α-ZEL + β-ZEL 
combination at the lowest concentration assayed.  
4.3.3. Alteration of enzymatic defense system  
The results obtained in this thesis, showed an increase of SOD activity in 
all treatments assayed, individually and in combination, from 2- to 5- folds after 
48 h of exposure compared to unexposed cells, while after 24 h of exposure this 
activity remained unchanged. Afterwards, with accelerating the activity of SOD, 
H2O2 production increases, and consequently GPx antioxidant which detoxify 
H2O2 activity increases as well. According to our results, GPx activity increased 
significantly in all treatments individually and in combination after 24 h of 
exposure by 3.5- to 24- folds compared to untreated cells. According to the 
results achieved in Study 3, the effect of ROS activity on GSH levels 
demonstrated no change in the activity of this antioxidant; furthermore, 
regarding to the utilization of GPx from GSH as a substrate, no lack of GSH 
allowed GPx to enhance their activity when the levels of ROS started to increase. 
On the other hand, the activity of GPx decreased significantly in tertiary 
combination at 24 h and remained unchanged after 48 h of exposure in almost 
all treatments. In several studies, cells with increased levels of SOD showed to 
be hypersensitive to oxidative stress rather than protected from it (Weydert et 
al., 2006; Michiels et al., 1994). Hence, the dysfunctionality of H2O2 conversion 




consequently an accumulation of H2O2 might occur to end up cells dying. In the 
light of this, the high levels of SOD activity during 48 h of exposure can justify 
the inadequate levels of GPx at this time. Also, according to the study carried 
out on cytotoxicity of α-ZEL, β-ZEL and BEA, it was observed lower viability 
in SH-SY5Y cells after 48 h of exposure in all treatments and in tertiary mixture, 
which confirmed that the cytotoxicity was higher compare to other treatments; 
also, as confirmed in previously, the ROS levels increased when mycotoxins 
were assayed in combination at the same levels as reported in here for 
undifferentiated SH-SY5Y cells. This suggests that GPx activity in 
undifferentiated SH-SY5Y cell line is not the major implicated enzyme in 
detoxifying when cells viability decrease inversely with the increase of time of 
exposure, and when three mycotoxins engage. Moreover, Pigeolet et al., (1990) 
discovered that GPx itself is susceptible to oxidation by the oxidative reactive 
molecules and lipid peroxides and could be inactivated by its own substrates. 
Thus, the decrease of GPx activity in cells exposed to mycotoxins after 48 h and 
in tertiary combination, could be associated to the inactivation by higher ROS 
levels.  
Similar results were obtained by Tatay et al., (2016 and 2017) where SOD 
and GPx activity increased in both HepG2 and CHO–K1 cells exposed to α-
ZEL and β-ZEL individually for 24 h. Also, in another study by Krishnaswamy 
et al., (2010) which suggested SOD and GPx are enzymes primarily involved in 
combating cellular oxidative stress in HT-29 cells treated with deoxynivalenol 
(DON). Moreover, Mallebrera et al., (2014) observed an increase in GPx activity 
in CHO–K1 cells exposed to different concentrations of BEA for 24 h. Dinu et 
al., (2011) in Hek-293 cells exposed to DON mycotoxin between 6 to 24 h of 





results were obtained for sterigmatocystin (STE) mycotoxins in SH-SY5Y cells 
exposed during 24 h, where SOD and GPx enzymes decreased suggesting that 
these enzymes are unable to counteract the oxidative stress produced by STE 
exposure (Zingales et al., 2020). 
According to the results obtained from CAT activity in cells treated with 
α-ZEL, β-ZEL and BEA, it was observed a significant decrease in all individual 
treatments at 24h) as well as in combinations except in the binary treatment β-
ZEL + BEA. This decrease is probably because of the competition of GPx with 
CAT enzyme in detoxifying the effect of H2O2 activity in the stage of 24 h of 
exposure. In addition, this marked effect can be due to high concentrations of 
H2O2 produced under mycotoxin exposure, which depression or complete 
oxidation of CAT activity in situations of high peroxide concentrations may also 
occur, and it can be even inactivated (Williams., 1928). Contrary, in the stage of 
48 h of exposure, the activity of CAT increased significantly in α-ZEL and β-
ZEL mycotoxins individually and in combination up to 5-fold in comparison to 
control cells. Moreover, the excess of H2O2 can cross the mitochondrial 
membrane and can be degraded by CAT; thus, it could be speculated that it 
might be due to a compensatory manner for CAT to reduce H2O2 levels while 
GPx is inactivated in the same treatments during 48 h of exposure. Similar results 
were found by Tatay et al., (2016 and 2017) and Dinu et al., (2011) where CAT 
activity reduced in a dose-dependent manner, suggesting that the accumulation 
of superoxide anion produced by assayed mycotoxins may inhibit CAT activity 




At last, a down regulation of the antioxidant defense system by decreasing 
the activity of GST enzyme only in cells exposed to α-ZEL and β-ZEL 
individually was observed. Inversely, a significant increase was demonstrated in 
all combination treatments, particularly in the highest concentrations assayed 
(except in α-ZEL + β-ZEL). Increase in GST activity is considered a chemical 
stress signal; therefore, this effect can be due of increasing enzymatic activity in 
combination treatments by higher ROS produced, which was discussed in Study 
3, where ROS activity increased significantly in all combination treatments from 
2.8- to 8- fold compared to control. Conversely, the decrease or unchanged GST 
activity in individual treatments can be due of no changing in ROS activity. 
4.4. Expression of apoptosis-related and estrogen receptors genes in 
SH-SY5Y cells exposed to zearalenone metabolites and beauvericin 
According to the examination of GPER1 and Erβ, as endocrine disruptor 
genes, it was observed that among all three mycotoxins assayed in individual and 
combination forms, only β-ZEL up-regulated the expression of ERβ mRNA 
significantly up to 2.7-fold at 12.5 μM compared to the reference gene (18S); 
while for GPER1, any significant regulation was observed. 
Studies have shown that the BCL2 and BAX pathways are involved in 
ZEA-induced apoptosis in primary rat cells (Li et al., 2011); also, the caspase 
family of proteins plays an important role in the initiation of apoptosis, of which 
caspase-3 is the primary initiator (Riedl and Salvesen, 2007). Nevertheless, there 
are no sufficient data about the two major metabolites of ZEA (α-ZEL and β-
ZEL), since it is proved that it breaks down into their main metabolites during 
phase I metabolism (Metzler et al., 2010). The results of our study for individual 





apoptosis genes, β-ZEL shows an adverse effect which was down-regulating of 
these genes. Additionally, BEA only up-regulated the expression of BCL2 
significantly. Moreover, β-ZEL + BEA was the only combination that elevated 
the expression of cell apoptosis genes. Then α-ZEL presented effect on gene 
expression, either cell apoptosis or estrogen receptors. However, in the 
combination, β-ZEL + BEA at [12.5 + 2.5] μM it was up-regulated the 
expression of all five studied gene expression involved in cell apoptosis (CASP3, 
BAX, BCL2) and estrogen receptors (ERβ and GPER1). 
4.5. Cell cycle disruption and cell death pathway analysis of 
zearalenone’s metabolites and beauvericin  
4.5.1. Cell cycle alteration in neuroblastoma cells exposed to zearalenone 
metabolites and beauvericin 
In accordance with the results, after 24 h of exposure, cell proliferation 
was arrested remarkably in G0/G1 phase by α-ZEL, β-ZEL and BEA 
mycotoxins individually and combined in comparison with non-treated SH-
SY5Y cells. Such effect was mostly highlighted in treatments where β-ZEL was 
involved. Conversely, after 48 h of exposure, it was detected unchanged activity 
and/or decrease in number of cells in G0/G1 phase for all treatments except 
where β-ZEL engaged, which showed cells cycle arrest at their highest 
concentrations assayed. These findings were fortified by the results achieved in 





It is detected that growth arrest can be induced when DNA is damaged 
(Kastan et al. 1991; Linke et al, 1996); additionally, variations in neuronal cells 
death may arise from the alteration in the expression of several families of genes 
that regulate apoptosis which are identified in mammals as Bcl-2, Casp-3 and Bax. 
The Bcl-2 is recognized as anti-apoptotic protein family (Merry et al, 1997); while 
Bax, member of the Bcl-2 protein family, functions as an apoptotic activator or 
pro-apoptotic; likewise, Caspase-3 (Casp-3) as a member of caspase family, is 
believed to activate cell surface death receptors, which is a major commitment 
step for apoptosis (Wolf et al, 1999). Results of the expression of all three genes 
reported in Study 3 are in accordance with the results obtained here, as down 
regulation of genes BCL-2 and Casp3 in SH-SY5Y cells was observed when 
exposed to β-ZEL, and up regulation in all apoptotic genes when exposed to β-
ZEL + BEA. It has been also evidenced that the G2/M checkpoint prevents 
cells from entering mitosis when DNA replication/repair is not complete (He et 
al, 2020); which coincide with Study 3 where α-ZEL + β-ZEL + BEA down-
regulated BCL-2 gene in SH-SY5Y cells; so it can be concluded that growth 
arrest in G2/M phase by more than 2 times, might be due to the DNA damage, 
and consequently this will result in increasing necrotic cells in subG0 phase by 4 
times compared to control cells. 
Along with the increment in G0/G1 phase, a significant decrease in S and 
G2/M phases for all treatments was observed, mainly at the highest 
concentration assayed for each treatment, remarkably in β-ZEL, β-ZEL + BEA 
and β-ZEL + α-ZEL for both phases.  This could be due to DNA damage and 
mitosis impairment. Different studies on the cytotoxic and neurotoxic effects of 
several chemicals and toxins on the alteration of SH-SY5Y cell cycle have been 





et al., (2019) it was indicated that heavy metals (MeHg, HgCl2, and CdCl2) which 
are known to induce neurotoxicity, can alter SH-SY5Y cell cycle by arresting 
them in S and G2/M phases. When looking at studies of the assayed mycotoxins 
on other cell lines similar results have been revealed for ZEA in inducing 
G0/G1-phase arrest in hESCs cells and granulosa cells, (Cao et al., 2019; Zhang 
et al., 2018) but contradictory on prostate cancer (PCa) cells, intestinal epithelial 
cells (IECs) and sertoli cells, where cell cycle arrest occurred in the G2/M phase 
at highest doses assayed (Kowalska et al, 2020; Wang et al, 2019; Zheng et al, 
2018). Also, in another study performed on RAW264.7 macrophages cells, 
accumulation of cells in the sub-G1 phase was significantly higher in the groups 
exposed to β-ZEL than α-ZEL after 24 h (Lu et al, 2013).  
On the other hand, for BEA similar results was observed on CHO-K1 
cells where cells were arrested in G0/G1 phase after 24 h and an opposite result 
after 48 h and 72 h where cell arrest happened through G2/M phase (Mallebrera 
et al, 2016); also on Caco-2 cells where cells were arrested mainly in G2/M phase 
(Prosperini et al, 2013). Although there are few studies about the effect of 
combined mycotoxins on cell cycle alteration, Juan-García et al., (2019) 
investigated the effect of BEA mycotoxin individually and combined with 
ochratoxin A (OTA) on HepG2 cells. Results of BEA showed a significant 
decrease in all phases of cell cycle but only in G0/G1 phase when combined 
with OTA. Gathering all, it can be concluded that alterations in SH-SY5Y cell 
cycle induced by ZEA’s metabolites and BEA, differ with other studies; 
however, depending on the cell line and concentrations assayed, there is no 





4.5.2. Cell death pathway analysis in neuroblastoma cells exposed to 
zearalenone metabolites and beauvericin 
According to the study of apoptosis-necrosis progression on SH-SY5Y 
cells, in individual treatments of mycotoxins, it was observed a significant 
tendency of growth in early apoptotic cells population for β-ZEL at its highest 
concentration assayed (12.5 μM); while for α-ZEL and BEA this tendency 
shifted considerably from apoptotic cells population to apoptotic/necrotic (late 
apoptotic) cells after 48 h of exposure. In spite of the fact that there are few 
studies carried out on ZEA’s metabolites on cell death pathway, this could be 
fortified by results achieved by Lu et al., (2013) on RAW 264.7 macrophages 
which early apoptotic cells increased significantly when exposed to β-ZEL 50 
μM, rather than α-ZEL. Also, in other studies, ZEA caused cell death in 
apoptotic pathway on pig granulosa cells, and in late apoptotic and necrotic 
pathways on RAW 264.7 macrophages cells, both studies after 24 h (Li et al, 
2015; Zhu et al, 2012). Conversely, for BEA, it was observed an increase in early 
apoptotic cell death pathway in CHO-K1 cells (from 1and 5 μM), and in Caco-
2 cells (from 1.5 μM and 3.0 μM) (Mallebrera et al, 2016; Prosperini et al, 2013); 
while an induction in necrotic cell death pathway in CHO-K1 cells (1 and 5 μM), 
and in C6 cells (1.5 μM) (Mallebrera et al, 2016; Wätjen et al, 2014). Despite the 
large number of studies about the effects of these mycotoxins on cell death 
pathway and the variety of results, all of them are focused only on studies 
performed in individual form. 
Among binary and tertiary combinations, a remarkable increase in cell 
proportion was belonged to both early apoptotic and apoptotic/necrotic cell 





highest concentration assayed as described in sections 3.4; for tertiary mixture 
early apoptotic cells increased by 126%, and for binary combination β-ZEL + 
α-ZEL in apoptotic/necrotic (late apoptotic) cells by 128% both at the highest 
concentration. However, after 48 h of exposure a significant increase in 
apoptotic cell population was noticed for tertiary combination and β-ZEL + 
BEA at their highest concentration assayed by more than 60% compared to 
control cells.  
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1. El estudio in silico de las micotoxinas ZEA, α-ZEL y β-ZEL reveló que el 
perfil metabolómico se describe con productos de reacciones de 
biotransformación de O-glucuronidación, S-sulfatación e hidrólisis; los 
cuales tienen mejores propiedades para alcanzar la BBB que las 
micotoxinas iniciales. 
 
2. La predicción del efecto tóxico del perfil metabolómico descrito in silico 
para ZEA, α-ZEL y β-ZEL fue el de carcinogenicidad mientras que el 
efecto de inhibición e inducción enzimática varió en función del sustrato 
y para cada compuesto. 
 
3. La metodología in silico ofrece una visión excelente previa al inicio de 
ensayos in vitro o in vivo contribuyendo al principio de las 3Rs además de 
ser una herramienta interesante que ayuda a predecir la alteración de 
sistemas/vías/mecanismos de moléculas pequeñas. 
 
4. El estudio citotóxico de α-ZEL, β-ZEL y BEA individualmente y 
combinado en células indiferenciadas SH-SY5Y, mostró que β-ZEL 
individualmente y las combinaciones α-ZEL + β-ZEL + BEA y α-ZEL + 
BEA presentaban la mayor potencialidad tóxica. Los valores de IC50 
oscilaron entre 95 y 0.2 μM para las micotoxinas estudiadas, el efecto 
potencial en la exposición combinada fue sinergismo para todos los 
escenarios estudiados y las combinaciones. 
5. Las recuperaciones de α-ZEL, β-ZEL y BEA en los medios de cultivo 
celular de las células SH-SY5Y por LC-qTOF-MS y la contribución a los 




porcentajes más altos en los tratamientos individuales fue para BEA (> 
50%). En los tratamientos combinados, las recuperaciones en i) α-ZEL + 
BEA fueron mayores para α-ZEL que para BEA; ii) β-ZEL + BEA mayor 
para BEA que para β-ZEL; iii) α-ZEL + β-ZEL las recuperaciones fueron 
similares para ambas micotoxinas y en iv) la combinación terciaria, todas 
las recuperaciones permanecieron por debajo del 50%. Cabe destacar que 
la combinación β-ZEL + BEA fue para la que se obtuvieron mayores 
recuperaciones. 
 
6. Los resultados del estrés oxidativo en las células SH-SY5Y expuestas a α-
ZEL, β-ZEL y BEA revelaron niveles elevados de ROS en combinaciones 
en las que participaba α-ZEL (de 2.8 a 8 veces en comparación con el 
control); sin embargo, no se detectaron diferencias significativas en los 
niveles de ROS cuando se ensayó en tratamientos individuales de una sola 
micotoxina. 
 
7. La evaluación del sistema de defensa enzimático y no enzimático en células 
SH-SY5Y para α-ZEL, β-ZEL y BEA, reveló aumentos significativos a las 
24 h i) en la relación GSH/GSSG para todas las concentraciones 
ensayadas; ii) en GPx hasta 24 veces en tratamientos individuales y 15 
veces en combinaciones binarias y iii) en GST hasta 10 veces en 
tratamientos combinados. Por otro lado, a 48 h, la SOD aumentó entre 
3.5 y 5 veces en el tratamiento individual y combinado, respectivamente. 
Contrario a esto, la actividad CAT disminuyó significativamente en todos 
los tratamientos hasta un 92% después de 24 h excepto para β-ZEL + 






8. Los resultados obtenidos por expresión génica implicada en apoptosis y 
receptores de estrógenos por RT-PCR en células SH-SY5Y expuestas a α-
ZEL, β-ZEL y BEA de forma individual y combinada, revelaron que α-
ZEL indujo la sobrerregulación de CASP3 y BAX; mientras que se 
observó una regulación a la baja para los genes CASP3 y BCL2 por β-ZEL 
y de BCL2 por BEA. Además, β-ZEL + BEA fue el único tratamiento de 
combinación que pudo regular a la baja los niveles de expresión génica de 
apoptosis celular (CASP3, BAX y BCL2). 
 
9. El efecto en el ciclo celular de α-ZEL, β-ZEL y BEA en las células SH-
SY5Y se alteró notablemente en todos los tratamientos en los que β-ZEL 
participó (β-ZEL, β-ZEL + BEA y β-ZEL + α-ZEL) por una interrupción 
en la fase G0/G1 (hasta un 43,6%) una disminución en la proliferación 
celular en las fases S y G2/M (hasta un 19,6%). De forma similar, para la 
muerte celular entre tratamientos individuales, β-ZEL mostró un 
crecimiento significativo en la población de células apoptóticas tempranas 
a la concentración más alta ensayada, así como para todos los tratamientos 
de combinación en los que participó β-ZEL, en las vías de muerte celular 
tanto apoptótica temprana como apoptótica/necrótica. 
 
10. Confiando en nuestros resultados, α-ZEL, β-ZEL y BEA, inducen daño 
en las células SH-SY5Y elevando los niveles de estrés oxidativo, alterando 
el papel de la actividad antioxidante del sistema glutatión y finalmente, 
causando desorden en las expresiones y actividades de la célula apoptótica 






1. In silico study of ZEA, α-ZEL and β-ZEL revealed that the metabolomic 
profile was described with products from O-glucuronidation, S-sulfation 
and hydrolysis all from biotransformation reactions and with better 
properties to reach the BBB than initial mycotoxins. 
 
2. Prediction of toxic effect from metabolomics profile described in silico 
for ZEA, α-ZEL and β-ZEL was carcinogenicity while enzymatic effect 
of inhibition, induction and substrate function varied for each 
compound systems. 
 
3. In silico methodology gives an excellent sight before starting in vitro or in 
vivo assays contributing to 3Rs principle and it is an interesting tool that 
helps to predict alteration of systems/pathways/mechanisms of small 
molecules.  
 
4. Cytotoxic study of α-ZEL, β-ZEL and BEA individually and combined 
in SH-SY5Y cells showed that β-ZEL individually and in combinations 
α-ZEL + β-ZEL + BEA and α-ZEL + BEA presented the highest 
cytotoxicological potency. IC50 values ranged from 95 to 0.2 μM, the 
potential effect in combination exposure was synergism for all scenarios 
assayed and combinations.  
 
5. Recoveries of α-ZEL, β-ZEL and BEA in the cell culture media of SH-
SY5Y cells by LC-qTOF-MS and contribution to the effects observed in 
cytotoxicity assays, revealed the highest percentages in individual 
treatments for BEA (>50%). In combined treatments the recoveries i) 





BEA higher for BEA than for β-ZEL; iii) in α-ZEL + β-ZEL recoveries 
were similar for both mycotoxins and iv) in tertiary all remained below 
50%. Nevertheless, β-ZEL + BEA was the combination with the highest 
recoveries. 
 
6. Results of oxidative stress in SH-SY5Y cells exposed to α-ZEL, β-ZEL 
and BEA revealed elevated ROS levels in combinations where α-ZEL 
was involved (2.8- to 8-fold compared to control); however, no 
significant difference in ROS levels were detected when single 
mycotoxin was tested.  
 
7. Evaluation of enzymatic and non-enzymatic defence system in SH-
SY5Y cells for α-ZEL, β-ZEL and BEA revealed significant increases at 
24h i) in GSH/GSSG ratio at all concentrations tested; ii) in GPx up to 
24-fold in individual treatments and 15-fold in binary combination and 
iii) in GST up to 10-fold in combination treatments. On the other hand, 
after 48h SOD increased up to 3.5- and 5-fold in individual and 
combined treatment, respectively. In contrary, CAT activity decreased 
significantly in all treatments up to 92% after 24 h except for β-ZEL + 
BEA, which revealed an increase. 
 
8. Results obtained by gene expression involved in apoptosis and receptors 
of estrogens by RT-PCR in SH-SY5Y cells exposed to α-ZEL, β-ZEL 
and BEA individually and combined revealed that α-ZEL induced the 
up-regulation of CASP3 and BAX; while a down-regulation was 
observed for CASP3 and BCL2 genes by β-ZEL and of BCL2 by BEA. 




was able to down regulate the levels of cell apoptosis gene expression 
(CASP3, BAX and BCL2).  
 
9. Effect in cell cycle by α-ZEL, β-ZEL and BEA in SH-SY5Y cells was 
markedly altered in all treatments where β-ZEL engaged (β-ZEL, β-ZEL 
+ BEA and β-ZEL + α-ZEL) by arresting cells in G0/G1 phase (up to 
43.6%) and decreasing cell proliferation in S and G2/M phases (up to 
19.6%). Similarly, for cell death among individual treatments β-ZEL 
showed a significant growth in early apoptotic cells population at highest 
concentration assayed as well as for all combination treatments where β-
ZEL was involved, in both early apoptotic and apoptotic/necrotic cell 
death pathways. 
 
10. Relying to our findings, α-ZEL, β-ZEL and BEA, induce injury in SH-
SY5Y cells elevating oxidative stress levels, disturbing the antioxidant 
activity role of glutathione system and finally, causing disorder in the 
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